California State University, Monterey Bay

Digital Commons @ CSUMB
Capstone Projects and Master's Theses

Capstone Projects and Master's Theses

Summer 2017

Effects of Oceanographic Variability on the Trophic Ecology of
Eight Species of Coral Reef Fishes From the Remote Central
Pacific
Scott Donald Miller
California State University, Monterey Bay

Follow this and additional works at: https://digitalcommons.csumb.edu/caps_thes_all

Recommended Citation
Miller, Scott Donald, "Effects of Oceanographic Variability on the Trophic Ecology of Eight Species of Coral
Reef Fishes From the Remote Central Pacific" (2017). Capstone Projects and Master's Theses. 141.
https://digitalcommons.csumb.edu/caps_thes_all/141

This Master's Thesis (Open Access) is brought to you for free and open access by the Capstone Projects and
Master's Theses at Digital Commons @ CSUMB. It has been accepted for inclusion in Capstone Projects and
Master's Theses by an authorized administrator of Digital Commons @ CSUMB. For more information, please
contact digitalcommons@csumb.edu.

EFFECTS OF OCEANOGRAPHIC VARIABILITY ON THE TROPHIC ECOLOGY
OF EIGHT SPECIES OF CORAL REEF FISHES FROM THE REMOTE
CENTRAL PACIFIC

A Thesis
Presented to the
Faculty of the
Moss Landing Marine Laboratories
California State University Monterey Bay

In Partial Fulfillment
of the Requirement for the Degree
Master of Science
in
Marine Science

By Scott Donald Miller
Summer 2017

CALIFORNIA STATE UNIVERSITY MONTEREY BAY

The Undersigned Faculty Committee Approves the
Thesis of Scott Donald Miller:
EFFECTS OF OCEANOGRAPHIC VARIABILITY ON THE TROPHIC ECOLOGY
OF EIGHT SPECIES OF CORAL REEF FISHES FROM THE REMOTE
CENTRAL PACIFIC

_______________________________
Scott Hamilton
Moss Landing Marine Laboratories

______________________________
Birgitte McDonald
Moss Landing Marine Laboratories

______________________________
Brian Zgliczynski
Scripps Institution of Oceanography

Digitally signed by Kris
Roney
_____________________________________
Kris Roney, Dean
Dean of Undergraduate and Graduate Studies

__________________
Approval Date

iii

Copyright © 2017
by
Scott Miller
All Rights Reserved

iv

TABLE OF CONTENTS
PAGE
List of Tables…………………………………………………………………………………….vii
List of Figures…………………………………………………………………………………….ix
Acknowledgements………………………………………………………………………………xii

Chapter 1: Niche width expansion of coral reef fishes along a primary productivity gradient in
the remote central Pacific
Abstract……………………………………………………………………………………………1
Introduction………………………………………………………………………………………..3
Methods……………………………………………………………………………………………9
Study Site………………………………………………………………………………….9
Study Species and Fish Collections……………………………………………………...10
Stomach Contents Analysis……………………………………………………………...12
Carnivores………………………………………………………………………..12
Planktivores………………………………………………………………………12
Herbivores………………………………………………………………………..12
Stable Isotope Analysis…………………………………………………………………..13
Zooplankton and Particulate Organic Matter…………………………………….14
Benthic Algae…………………………………………………………………….15
Data Analysis………………………………………………………………………….…16
Environmental Data……………………………………………………………...16
Stomach Contents………………………………………………………………..16
Stable Isotopes…………………………………………………………………...18
Community Metrics……………………………………………………………...19
Results……………………………………………………………………………………………21
Stomach Contents Analysis……………………………………………………………...21
Stable Isotopes…………………………………………………………………………...24
Community Metrics……………………………………………………………………...24

v

Discussion………………………………………………………………………………………..27
Stomach Contents………………………………………………………………………..28
Stable Isotopes…………………………………………………………………………...30
Community-Level Metrics……………………………………………………………….34
Other Explanations and Considerations……………………………………………….....36
Mechanism for Niche Expansion with Increasing Oceanographic Productivity…….…..38
Conclusion……………………………………………………………………………….39
References………………………………………………………………………………………..41
Tables…………………………………………………………………………………………….48
Figures……………………………………………………………………………………………58

Chapter 2: Resource utilization of coral reef fish communities spanning a productivity gradient
in the remote central Pacific
Abstract…………………………………………………………………………………………..68
Introduction………………………………………………………………………………………70
Methods…………………………………………………………………………………………..75
Study Site……………………………………………………………………………...…75
Fish Collections…………………………………………………....…………………….76
Stable Isotope Analysis……………………………………………………….………….77
Zooplankton and Particulate Organic Matter…………………………….………78
Benthic Algae………………………………………………………………….....79
Data Analysis…………………………………………………………………………….80
Environmental Data…………………………………………………..………….80
Regional Patterns in Mean Isotopic Signatures Across Taxa…………….….…..80
Patterns of Trophic Connections Among Taxa…………………………….….…81
Trophic Level Calculations………………………………………………………82

vi

Results………………………………………………………………………………….………...83
Discussion……………………………………………………………………………….…….…87
Patterns of δ15N Variability Across the Line Islands………………………….…………87
Patterns of δ13C Variability Across the Line Islands………………………….…………89
Trophic Relationships Among Fish Species………………………………………….….91
Considerations and Other Explanations………………………………………………….95
Conclusion…………………………………………………………………..………..….96
References……………………………………………………………………………….….……99
Tables……………………………………………………………………………………...……103
Figures……………………………………………………………………………………….….106

vii

LIST OF TABLES

PAGE

Table 1.1. Environmental variables characterizing the five Southern Line Islands.
Islands are arranged from least productive to most productive (i.e., south to north).
For sea surface temperature (SST) and Chl-a, the 12-year mean value is provided
(±1 SE). Guano indicates if a large level of guano is present at the island. Islands
with an “N” in this category either did not have significant guano deposits or were
significantly mined last century………………………………………………………………….48
Table 1.2. Qualitative trends of niche width (Levin’s and Ellipse Area) and index of
individual specialization (Araújo’s E) as a function of increasing productivity. Green
indicates an increase in the metric with increasing productivity, while red indicates a
decrease. Grey boxes show no trend in either direction, and black boxes were not
tested……………………………………………………………………………….…………….49
Table 1.S1. Sample sizes for stomach content analysis and stable isotope analysis for
each species. Numbers listed are the totals after empty stomachs and stable isotope
outliers (> 4 SD) were removed.…………………………………………………………………50
Table 1.S2. Mean percentages (± 1 SE) of prey groups by percent weight in the
stomachs of Paracirrhites arcatus from the Southern Line Islands. Islands listed
from least productive to most productive…………………………….………………………….51
Table 1.S3. Mean percentages (± 1 SE) of prey groups by percent weight in the
stomachs of Cephalopholis urodeta from the Southern Line Islands. Islands listed
from least productive to most productive.……………………………………………………….52
Table 1.S4. Mean percentages (± 1 SE) of prey groups by percent abundance in the
stomachs of Pseudanthias bartlettorum from the Southern Line Islands. Islands listed
from least productive to most productive.……………………………………………………….53
Table 1.S5. Mean percentages (± 1 SE) of prey groups by percent abundance in the
stomachs of Chromis margaritifer from the Southern Line Islands. Islands listed
from least productive to most productive.……………………………………………………….54
Table 1.S6. Mean percentages (± 1 SE) of prey groups by estimating percent area in
the stomachs of Acanthurus nigricans from the Southern Line Islands. Islands listed
from least productive to most productive.………………………………………..……………..55
Table 1.S7. Mean percentages (± 1 SE) of prey groups by estimating percent area in the
stomachs of Ctenochaetus marginatus from the Southern Line Islands. Islands listed
from least productive to most productive. This species was not found at Flint or
Millennium, so these islands are excluded……………………………………………………....56

viii

Table 1.S8. Mean percentages (± 1 SE) of prey groups by estimating percent area in
the stomachs of Stegastes aureus from the Southern Line Islands. Islands listed from
least productive to most productive. This species was not found at Flint, so it was
excluded……………………………………………………….………………………………....57

Table 2.1. Relevant geographical, environmental, and political information about the
eleven Line Islands from this study. Islands are arranged from North to South, and
productivity peaks at Jarvis……………………………………………….….…………………103
Table 2.2. Results from linear regression analysis performed on the δ15N and δ13C
values as a function of Chl-a in the ocean surrounding each reef. Species are arranged
by trophic group, and statistically significant p-values are shaded.………….….….………….104
Table 2.3. Average δ15N enrichment from potential prey (rows) to carnivores (columns)
from all islands that both species are found…………………………….….…….……………..105
Table 2.4. Average δ15N enrichment from planktonic sources (columns) to planktivorous
fishes (rows) at the three oligotrophic (Flint, Vostok, Millennium) and the two productive
(Starbuck and Malden) Southern Line Islands. Shaded boxes represent values within the
expected trophic enrichment of δ15N (3-5‰)………………………………….……………….105

ix

LIST OF FIGURES
PAGE

Figure 1.1. Map of the five Southern Line Islands on top of the underlying variation
in primary productivity, using Chl-a as a proxy. Chl-a values were calculated using
remote sensing data and analyzed following methods in Gove et al. (2013). Figure
and data reproduced with permission from Fox et al. (In Review)………………………………58
Figure 1.2. Spatial variation of diet composition determined from stomach contents
across the five Southern Line Islands. The diet composition was determined by
weight in the carnivore species (a,b), abundance in the planktivore species (c,d), and
percent area in the herbivore species(e-g). See Tables 1.S2-1.S8 for a more detailed
tabular representation of these data………………………………………………………………59
Figure 1.3. Principal components analysis of the stomach content items for each of
the seven species of coral reef fishes. Points indicate the average principal component
(PC) scores, and the error bars represent ± 1 SE. Arrows indicate the eigenvector
scores for each prey item, and those dietary variables with loading scores greater
than ± 0.25 on either PC1 or PC2 were labeled……………………………………………….....60
Figure 1.4. Spatial variation of the standardized Levin’s Measure of Niche Breadth
calculated for seven of the species in this study at the five Southern Line Islands.
Note that the y-axis scale changes depending on the trophic group…………………………….61
Figure 1.5. Spatial variation of Araújo’s E index of individual specialization
calculated for seven of the species in this study at the five Southern Line Islands.
Error bars represent the square root of jackknife-estimated variance for these values
of E at each island. Note that the y-axis scale changes depending on the trophic group……….62
Figure 1.6. Stable isotope biplots (δ13C - δ15N) of all eight species in this study. Every
point is an individual’s signature in bivariate isotopic space, and they are colored by
island. The colored ellipses show the population’s standard ellipse, a bivariate
representation of standard deviation, while the dotted lines demonstrate the population’s
convex hull. Note that every panel has its own scale to betterdemonstrate variation of
ellipse size and shape among populations within each species………………………………….63
Figure 1.7. Graphical representation of the posterior distributions generated from the
SIBER Bayesian model of isotopic standard ellipse area. Points indicate the mode
of the posterior distribution at each island, while error bars represent 95% Bayesian
credible intervals. Letters above each point indicate statistical relatedness, determined
by overlap of these credible intervals. Note that every panel has its own scale to better
demonstrate variation of ellipse area among populations of each species……………………….64

x

Figure 1.8. Isotope ranges along the (a) δ15N and (b) δ13C axes were standardized to
Z-scores for each fish species-island combination, and the average at each island was
calculated (n = 6-8 species depending on island). Standard error bars are plotted, and
islands are arranged from least productive to most productive…………………………...……..65
Figure 1.9. Stable isotope biplots (δ13C - δ15N) for eight species of coral reef fishes
and four examples of basal food sources (macroalgae, zooplankton, and POM collected
on- and off-shore) plotted for each of the five Southern Line Islands. All values are the
mean, and the error bars represent ± 1 standard deviation………………………………………66
Figure 1.10. Analysis of community-level isotopic metrics for each of the five Southern
Line Islands, using only the six fish species found at every island. (a) Community-level
stable isotope (δ13C - δ15N) convex hulls at each island. Each point represents the average
bivariate stable isotope value for a species, and a convex hull is drawn around the
outer-most species as a visual representation of the spread of species within a community.
(b-e) Graphical representation of the posterior distributions generated from a Bayesian
model of the (b) convex hull area, (c) mean distance to centroid, (d) δ13C range, and
(e) δ15N range calculated from the community hull. Points indicate the mode of the
posterior distribution, while error bars represent 95% Bayesian credible intervals.
Letters above each point indicate statistical relatedness, determined by overlap of these
credible intervals…………………………………………………………………………………67

Figure 2.1. Map of the eleven Line Islands on top of the underlying variation in primary
productivity, using Chl-a as a proxy. Chl-a values were calculated using remote sensing
data and analyzed following methods in Gove et al. (2013). Figure and data reproduced
with permission from M.D. Fox…………………………………………………..……………106
Figure 2.2. Stable isotope biplots of the average isotopic signature (δ13C - δ15N) for eight
species of coral reef fishes at each of the eleven Line Islands. The first row shows
carnivores, the second shows planktivores, and the third row shows herbivores. All points
are the mean, and the error bars represent ± 1 standard deviation……………….………….…107
Figure 2.3. Values of δ15N for each species plotted against the 12-year average Chl-a value
at each island. A linear regression was run separately for each species, and the resulting
best-fit line was plotted. All points are the mean, and the error bars represent ± 1 standard
deviation………………………………………………………………………….………..……108
Figure 2.4. Values of δ15N for each basal resource plotted against the 12-year average
Chl-a value at each island. A linear regression was run separately for each species, and
the resulting best-fit line was plotted. All points are the island-mean collected in situ for
this study, with some exceptions. POM and zooplankton values from Palmyra were taken
from Max et al. (2013), and POM values from the other five Northern Line Islands were
estimated from Altabet (2001)………………………………………………………………….109

xi

Figure 2.5. Values of δ13C for each species plotted against the 12-year average Chl-a
value at each island. A linear regression was run separately for each species, and the
resulting best-fit line was plotted. All points are the mean, and the error bars represent
± 1 standard deviation……………………………….……….…….………….……………..…110
Figure 2.6. Average residuals from the linear regressions performed on the δ15N and
δ13C at each island from each trophic group (Figs. 3, 4). The residuals at each island
were averaged for each species within a trophic group (n = 1-3) and plotted at every
island. Islands are arranged left to right based on increasing productivity…….……..…….…111
Figure 2.7. Pair-wise comparisons of stable isotope values (δ13C - δ15N) between three
carnivorous and five potential prey species (two planktivores and three herbivores)
across all eleven of the Line Islands. Each arrow runs from the potential prey’s isotopic
signature to each carnivores’ signature in bivariate space. Colors of the arrows indicate
the island,with cooler colors representing more oligotrophic islands and warmer colors
representing more productive islands…………………………………….………………….…112
Figure 2.8. Pair-wise comparisons of stable isotope values (δ13C - δ15N) between
zooplankton and two planktivorous fish species and two potential prey (particulate
organic matter (POM) and zooplankton) across the five Southern Line Islands (the only
islands these data were collected). Each arrow runs from the potential prey’s isotopic
signature to each planktivores’ signature in bivariate space. Colors of the δ15N and δ13C
arrows indicate the island, with cooler colors representing more oligotrophic islands and
warmer colors representing more productive islands……………………………………..........113
Figure 2.9. Average trophic level across all islands for each fish species calculated
relative to a δ15N baseline using the equation provided by Post (2002) assuming a
trophic enrichment factor of 3.4‰ and (a) POM and (b) benthic algae as base δ15N
values. The combined base (c) panel visualizes the trophic level of the planktivores and
carnivores relative to POM and the herbivores relative to benthic algae, consistent with
the trophic channeling hypothesis. Colors represent the purported trophic channel, with
green indicating benthic algae, blue representing offshore production, and red representing
carnivorous fish species. Circles represent fish species, * indicates POM, X indicates
zooplankton, and + indicates benthic algae. Error bars represent ± 1 SE………..…………..114

xii

ACKNOWLEDGEMENTS

This thesis would not have been possible without the generous help of some
extraordinary people. I first want to thank Scott Hamilton, my advisor during my time at MLML
for all his help and guidance throughout this process. He was always approachable and eager to
assist in any way that he could, and he always had my best interests at heart. Aside from
teaching me about the ecology of nearshore reefs, he presented me with some amazing
opportunities for field work in the Sea of Cortez and the Caribbean. My time at MLML would
have been significantly less memorable and enjoyable had it not been for Scott. I would also like
to thank my other committee members. Gitte McDonald was always great to talk to during this
process and offered great insight into this thesis, as well as my life as a scientist. I am a better
and more concise scientific writer by keeping her suggestions in mind. Brian “BZ” Zgliczynski
offered tremendous insight into the ecological processes governing the fish assemblages in the
central Pacific. His extensive firsthand knowledge of the systems and assistance with the
logistics of this project were invaluable.
I’d like to thank everyone else that directly assisted with aspects of this project. Stuart
Sandin and the Coral Reef Ecology Lab at the Scripps Institution of Oceanography headed the
greater Southern Line Islands project and without him, none of this would have been possible.
Numerous other people assisted with the fish collections, and I am indebted to them. Lindsay
Bonito and Lis Cordner assisted with logistical support of ordering supplies and helping with
methodology. Mike Fox provided valuable stable isotope and environmental data, and his Chl-a
maps adorn both chapters of this thesis. Katie Neylan, Brian Phan, and Marisa Ponte assisted
with laboratory dissections of the fishes performed at MLML. Their enthusiasm and excitement

xiii

made this portion of the project run smoothly and more enjoyable. Greg Cailliet provided
resources that helped direct my analysis of the stomach content data. Many people assisted with
the identification of stomach contents, a part of this study which I needed significant help. Val
Loeb, Jared Klosinski, Nilo Alvarado, and Colleen Durkin assisted with plankton identifications,
and without the guidance and resources provided by them, I would still probably be trying to
distinguish different copepod groups. Emily Kelly, Samantha Clements, and Elizabeth Ramsay
helped with identification of the algae from the herbivore stomachs. It was great being able to
consult with talented phycologists during this part of the thesis. Emmet Haggard assisted with
identification of the invertebrates when only pieces remained. Many fish made the ultimate
sacrifice for the success of this project, and I hope that this work contributes to the continued
success of these species.
Many others contributed indirectly to the success of this project and to my overall growth
as a scientist during this process and deserve recognition. Diana Steller and Don Croll provided
the opportunity for me to go on three different trips to the Sea of Cortez for research trips that
greatly enhanced my graduate experience and made me a more confident field biologist. These
trips through the desert and into the sea are among the fondest memories of my life. Heather
Fulton-Bennet, Dorota Szuta, and Evan Mattiasen made these trips truly special through their
company and their expertise in the field. Christian Denney, Will Fennie, Mike Fox, Scotty
Gabara, and Stephen Loiacono were great friends and colleagues, and I thoroughly enjoyed our
discussions of class projects, theses, current literature, and any other topic that came up. The
members of the Ichthyology Lab are some of the smartest and most helpful people I’ve known,
and it was a pleasure getting to know all of you. Will Fennie, Emily Donham, Ryan Fields,
Heather Kramp, Devona Yates, Evan Mattiasen, Marisa Ponte, Laurel Lam, Stephen Pang, Gabi

xiv

Navas, June Shrestha, Alexa Rosendale, Rachel Brooks, Kristin Saksa, and Melissa Palmisciano
all listened to my practice talks and lab meetings and made me much better at making my
presentations more visual and less boring. Joan Parker and Katie Lage in the library employed
me through my time at MLML, and I had a great time working there. Everyone else in the
MLML community, from the students that became my friends to the staff that provided logistical
support, I greatly appreciate your support and assistance, although there are too many of you to
name individually.
Finally, I would like to thank my family for being so supportive of me throughout
graduate school and my life. Their unconditional love was a beacon when times were tough, and
they always inspired me to be my best. My parents, Ron and Becky, are the kindest, most
compassionate people I know, and I couldn’t think of better people to show me the ropes of life
than these two. They instilled in me a passion for nature and the water, and without them, I
wouldn’t be where I am today. My brother, Jason, set an excellent example of success for me,
and our competitive nature growing up made me a stronger person. My grandparents, Carolyn
and Don, provided amazing support through the years, and their nature-themed emails could
always cheer me up.
I would like to thank all the funding sources that made this thesis possible: CSU COAST,
MLML Banjo Works and “Banjo #9”, Simpkins Family Scholarship, Sonia Linnik Hamilton
Marine Science Scholarship, and the Myers Oceanographic and Marine Biology Trust. I am
extremely grateful for your generosity and sincerely hope that this thesis lives up to your
expectations.

1

Chapter 1
Niche width expansion of coral reef fishes along a primary
productivity gradient in the remote central Pacific
ABSTRACT
Ecologists have long been interested in the factors that influence species’ ecological
niches. Factors such as inter- and intraspecific competition, predation risk, and resource
availability have been demonstrated to cause either expansions or constrictions in populations’
niches. Coral reefs represent complex systems rich in ecological interactions to study these
effects on species’ niches. However, much of our knowledge of the ecological processes
responsible for regulating community structure and function in tropical coral reefs originated in
areas that were already strongly influenced by anthropogenic factors, such as fishing and
eutrophication. In this study, I examined the role of natural oceanographic variation on the
trophic ecology of eight common coral reef species spanning multiple trophic guilds. These
fishes were collected from the Southern Line Islands, a chain of five remote, uninhabited islands
spanning a strong primary productivity gradient in the central Pacific. A combination of
stomach content and stable isotope analyses (δ15N, δ13C) were used to elucidate the spatial
variability of diet composition, trophic niche width, and degree of individual dietary
specialization in these species. I found evidence of spatial variation in diet composition for most
of the species, with planktivorous species incorporating more larvaceans and foraminifera at
productive islands and herbivores incorporating more invertebrates or filamentous algae at
productive islands, depending on the species. Additionally, across species, populations tended to
either have larger dietary niche widths and degree of individual specialization at the more
productive islands or show no sign of change. The planktivores exhibited the strongest effect of
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increasing niche width and specialization using metrics calculated from their stomach contents,
while the carnivores and herbivores exhibited stronger effects from metrics calculated with the
isotopic data. Across all 8 species, mean isotopic variability in δ13C was greatest at the most

productive islands, indicating greater utilization of basal sources at more productive islands. At
the island level, the community of fishes became more dispersed in isotopic space with
increasing productivity, indicating increasing trophic diversity at the community level. The two
most productive islands exhibited striking similarities in all community metrics relative to the
communities from the three least productive islands. These findings suggest that increases in
trophic diversity as a function of increasing oceanographic productivity are a result of increased
resource availability at the island level, which subsequently drives increases in the potential
community niche space. With higher prey productivity, consumers are therefore relaxed from
interspecific competition and can occupy different areas of the community niche space,
increasing their population niche width to reduce intraspecific competition. Taken together,
these results highlight the importance of considering natural oceanographic variability when
evaluating the structure and health of coral reef ecosystems and provide a strong foundation for
future research to examine the food web and trophodynamics in systems that lack human
impacts.
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INTRODUCTION
Ecological communities can be influenced by both top-down and bottom-up processes,
and determining the relative contribution of each process has been an active area of research in
ecology for over half a century (Hairston et al. 1960; Erlich & Birch 1967; Slobodkin et al. 1967;
Hunter & Price 1992; Micheli 1999; Posey et al. 2002). The debate stems from the conflicting
beliefs that all trophic levels in a community are food-limited (proponents of bottom-up control)
or that predators are food-limited, and lower trophic levels are alternately predator- then foodlimited (proponents of top-down control) (Power 1992). Both top-down and bottom-up
processes can have wide-ranging impacts on ecological communities through direct and indirect
pathways (Holmes et al. 1957; Paine 1980; Schmitz et al. 1997). Recent work has shown that
top-down processes can have dramatic impacts on prey populations through direct reductions in
prey abundance and alterations of prey behavior (Gilinsky 1984; Lima & Dill 1990; Stallings
2008; Madin et al. 2010b; Stier & Leray 2014). Predators have also been shown to affect life
history traits by reducing size and longevity (Ruttenberg et al. 2011) and condition and energy
reserves (Walsh et al. 2011) of lower trophic level species. Although top-down processes have
received much attention (Estes et al. 2011), bottom-up processes and environmental factors, such
as resource availability and nutrient delivery, can strongly influence the abundance of primary
producers and the resulting structure of the community (Holmes et al. 1957; Tsuda & Bryan
1973; Elser et al. 2007; Richards et al. 2012). Nutrients, particularly nitrogen and phosphorous,
tend to be limited in major terrestrial, freshwater, and marine ecosystems, and increases of these
nutrients fuel increased primary production (Elser et al. 2007), which can increase abundances of
primary consumers including zooplankton (Holmes et al. 1957) and benthic invertebrates (Smith
et al. 2001; Smith et al. 2010). Bottom-up regulation is therefore an important factor in
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structuring ecological communities, yet the relative impact of these processes is likely to be
context-dependent.
Life history traits, including growth, reproduction, and diet, often vary geographically
within a species; therefore, understanding the role of different factors in driving these differences
is vital to understanding how ecosystems react to different biological and environmental regimes.
While growth, reproduction, and condition are important aspects of populations, trophic
interactions are the main energetic link among species in a community. Thus, understanding the
causes of dietary shifts is important for understanding the ecology of a system. Numerous
studies in a variety of systems have documented geographical differences in species’ diets (Lek
et al. 2011; Hamilton et al. 2011; Behrens & Lafferty 2012). These studies examined variation
over different spatial scales, with latitude, temperature, prey availability, and habitat identified as
large potential contributors to the observed variation. Studies that examine the effects of other
environmental factors, such as primary productivity, are rarer but have found that resource
availability and patchiness can influence foraging behavior, such as the distance traveled
searching for prey (Lemke 1984; Westphal et al. 2006). In addition to these empirical studies,
existing theories predict how species will react and potentially alter their dietary niche with in
response to variation in resource availability.
A species’ dietary niche is the set of resources that a species utilizes to meet minimum
metabolic demands, and the size of this niche, or the breadth of resources utilized, can vary as a
function of inter- and intraspecific competition, predation risk, and resource availability (van
Valen 1965; Roughgarden 1972; Svanbäck & Persson 2004; Bolnick et al. 2010). Optimal
foraging theory predicts how predation risk and prey availability will affect a species’ dietary
niche (Stephens & Krebs 1986). Abundant predators in a system are predicted to increase a prey
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species’ dietary niche, because increased predation risk will result in a constriction of an
individual’s foraging range (Lima & Dill 1990; Madin et al. 2010a). Narrow foraging ranges
will likely cause a consumer to include less preferred prey and an increased diversity of food
items to meet metabolic demands (Stephens & Krebs 1986). Low resource availability and
competition are also predicted to increase a species’ dietary niche, because preferred prey will
likely occur in low enough abundance that consumers cannot sustain themselves entirely. Rather
than risk long, potentially unfruitful foraging excursions searching for rare, but preferred prey,
individuals may instead choose to limit foraging time and consume a variety of more abundant,
but less-preferred, prey. This has been demonstrated in seasonal changes in diet of central
Californian intertidal fishes (Horn 1983) and in prey choice of spiny lobsters inside and outside
of marine protected areas (Berrimen et al. 2015). Therefore, a species’ dietary niche is predicted
to change based on a variety of top-down and bottom-up factors, and these patterns have been
examined in both manipulative and observational studies (Zaret & Rand 1971; Horn 1983;
Madin et al. 2010a; Berrimen et al. 2015). In cases where populations are observed to have
different niche widths, it does not necessarily indicate that all individuals within that population
are utilizing similar resources. Instead, to reduce intraspecific competition when resources
become limited, individuals may target a specific subset of the total prey diversity consumed by
the population at large, leading to a population characterized by a broad dietary niche, but
composed of individual specialists (Bolnick et al. 2003). This phenomenon has been
demonstrated in diverse taxa such as sea otters (Tinker et al. 2008) and freshwater perch
(Svanbäck & Persson 2004). Understanding which factors influence species’ niches provides
insight into evolutionary processes and food web dynamics, and therefore it is an important trait
to examine in new systems.
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Coral reefs present an opportunity to study the direct and indirect effects of various
environmental conditions on community structure. These are complex ecosystems, rich in
biodiversity, and they contain numerous ecological interactions between species of similar and
different trophic levels. Top-down and bottom-up processes have been well-studied in coral
reefs, particularly with regards to anthropogenic fishing (Sandin et al. 2008; Dinsdale et al.
2008), the role of herbivores in structuring benthic communities (Hughes et al. 2007), and
nutrient inputs into the system (Hallock & Schlager 1986). Coral reefs can undergo phase shifts
from coral- to macroalgal-dominated reefs, and debate about the relative importance of nutrient
loading and overfishing to initiating and maintaining these phase shifts has occurred since this
phenomenon was described (McCook 1999; Hughes et al. 2007). Generally, it is thought that
while nutrient inputs into a system can shift the balance to favor macroalgae, this typically only
occurs in areas with already depressed herbivory due to overfishing, signifying the importance of
top-down control on tropical reefs (McCook 1999; Hughes et al. 2007; Estes et al. 2011).
However, much of the work done on coral reefs has been done on reefs with a history of
anthropogenic influences (Jackson 1997; Jackson et al. 2001). These influences range from
historical overfishing to habitat destruction, and can potentially confound studies examining
natural drivers of coral reef ecology, as they do not represent a natural system with intact
ecological interactions (Williams et al. 2015).
The remote and uninhabited Southern Line Islands, located in the equatorial Pacific, offer
an unprecedented opportunity to study the effects of natural environmental variation (i.e.,
primary productivity) on coral reef function throughout multiple trophic levels in the absence of
confounding human impacts. This chain of five remote islands are uninhabited and span a strong
productivity gradient resulting from interactions with the Equatorial Undercurrent (EUC),
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creating an upwelling region centered around the equator that dissipates with increasing latitude
to the north and the south (Maragos et al. 2008). Due to their isolation, these islands contain
some of the most pristine coral reef ecosystems remaining in the Pacific, characterized by having
high apex predator biomass and live coral cover (Barott et al. 2010). Additionally, although
these islands harbor some of the highest apex predator biomass recorded on coral reefs, fish
abundances appear to be driven by bottom-up processes (S.A. Sandin, unpublished data).
Islands from this chain located in regions of localized upwelling tend to support greater algal
cover, which in turn provides energetic resources to support fish assemblages across all trophic
levels. Although evidence supports bottom-up regulation of fish density at these islands, the
indirect effects of environmental variation have not been studied. Previous work in the Northern
Line Islands has examined the impacts of fishing on community structure (Sandin et al. 2008;
DeMartini et al. 2008; Dinsdale et al. 2008; Wood et al. 2014), life history traits (Ruttenberg et
al. 2011; Walsh et al. 2011), and trophic ecology (Cordner 2013; Zgliczynski 2015) of lower
trophic levels. Because three of the Northern Line Islands are inhabited and known to be
influenced by fisheries exploitation, studies seeking to examine the effects of oceanographic
variation on these life history traits and trophic ecology are inevitably confounded by
anthropogenic influences.
The current study in the Southern Line Islands provides a unique opportunity to examine
the influence of environmental variation on the trophic ecology of coral reef fishes in the absence
of localized anthropogenic impacts. In this study, I examined the diet and trophic ecology of
eight of the most abundant coral reef species from the region using stomach contents and stable
isotope analyses (δ15N, δ13C). Subsequently I calculated metrics of dietary niche width and
individual specialization of each population and community and compared those metrics among

8

islands. I hypothesized that the dietary niche width and the degree of individual specialization
would be lower at the more productive islands due to individuals’ ability to specialize on the
same preferred prey at these productive islands, whereas individuals from the low productivity
islands would need to consume a variety of prey items to meet metabolic demands.
Additionally, in the oligotrophic islands, I predicted that lower food availability would drive
increased intraspecific competition, leading to an increase in the degree of individual
specialization at these islands.
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METHODS
Study Site
The Southern Line Islands are located near the equator in the central Pacific Ocean,
roughly 2500 km south of the main Hawaiian Islands (Fig. 1.1). Comprising this island chain are
the islands of Malden, Starbuck, Millennium, Vostok, and Flint, which are all part of the
Republic of Kiribati. All five of these islands are uninhabited and none have a history of
sustained human occupancy. While at least some of the islands experience occasional fishing
pressure from transient commercial fishing vessels (Barott et al. 2010) and guano mining in the
past, they do not experience the degree of persistent localized anthropogenic stressors that
inhabited islands face. Therefore, these islands are surrounded by some of the most pristine
coral reefs remaining on the planet, with high coral cover (60-80%, except for Starbuck which
has ~20%), low macroalgal cover (<15%, except for Starbuck which has ~30%), and high apex
predator biomass, forming inverted biomass pyramids similar to uninhabited islands in the
Northern Line Islands (Sandin et al. 2008; Cinner et al. 2016; S.A. Sandin, unpublished data).
Although these reefs experience minimal levels of localized human disturbance, they are
exposed to a variable oceanographic climate. The islands span a north-south productivity
gradient (using [Chl-a] as a proxy), with the northern-most islands of Malden and Starbuck
resting in a zone of increased upwelling due to interactions with the easterly flowing, subsurface
Equatorial Undercurrent (EUC), thus experiencing higher nutrient availability compared to the
southern islands of Millenium, Vostok and Flint, that are located geographically in oligotrophic
waters (Fig. 1.1). Previous work on Jarvis Island of the Northern Line Islands found that the
island chain blocks the flow of the EUC, forcing its cool, nutrient rich waters vertically onto the
upstream (western) shore of the island (Gove et al. 2006; Maragos et al. 2008). Despite the
strong productivity gradient, mean SST (surface sea temperature) varies by < 2ºC, providing an
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opportunity to evaluate the effects of nutrient delivery separate from the often-confounding
effects of temperature (Table 1).

Study Species and Fish Collections
In October and November of 2013, a research cruise to the Southern Line Islands
collected fishes from each island to better understand variability in life history traits across the
islands. Eight species from three trophic guilds (herbivores, planktivores, and carnivores) were
collected from the fore reef during daylight hours using highly selective methods, including
spear, hook-and-line, and hand nets. Species were selected based on their regional abundance in
the equatorial Pacific as a result of past underwater visual censuses (Sandin et al. 2008;
Zgliczynski 2015). Three species were collected to represent the herbivore guild. The
whitecheek surgeonfish (Acanthurus nigricans) is a roving herbivore that predominantly
consumes benthic algae. The striped-fin surgeonfish (Ctenochaetus marginatus) is a roving
detritivore. The golden gregory (Stegastes aureus) is a small, territorial damselfish. Two
species were collected to represent the planktivore guild; the bicolor chromis (Chromis
margaritifer) and Bartlett’s anthias (Pseudanthias bartlettorum) are both shoaling planktivores.
Three species were collected to represent the carnivore guild. The two-spot red snapper
(Lutjanus bohar) is a generalist top predator that feeds on invertebrates and fishes. The dark-fin
hind (Cephalopholis urodeta) is a benthic mid-level predator that feeds on fishes and benthic
invertebrates. The arc-eye hawkfish (Paracirrhites arcatus) is a coral-associated carnivore that
feeds primarily on benthic crustaceans and small fishes. Approximately 50 individuals across a
range of body sizes were collected from each species-island combination. Fishes were frozen
and brought back to the United States for morphological measurements and dissected to remove
stomachs and dorsal muscle tissue for dietary analysis. Stomachs were stored in 10% buffered
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formalin, and dorsal muscle tissue was removed and frozen until prepared for stable isotope
analysis. In addition to collecting the study fishes, representative samples of potential prey items
and basal energetic resources (zooplankton, particulate organic matter, benthic macroalgae, and
coral) were collected as well to be used for stable isotope analyses.
Stomach Contents Analysis
Stomach content analysis was used to examine geographic variation in the diet of all
eight fish species across the oceanographic gradient in the Southern Line Islands. For the
carnivore trophic group, a subset of individuals were analyzed for stomach contents. For the
other two trophic groups, at least 25 individuals or the maximum number available, whichever
was lower, were utilized for stomach contents (Table S1). These individuals were selected as the
closest 25 individuals to the regional mean standard length to help control for and limit the
effects of potential ontogenetic dietary shifts that could obscure geographic variation in diet
among the five islands. All stomach content analyses were conducted using a Leica MZ125
stereo-microscope. Individual stomachs were removed from the formalin in which they were
stored, blotted dry, and weighed to the nearest 0.1 mg using a microbalance. Stomachs were
then opened and prey items were removed using forceps or scraped out using a scalpel. The
empty stomachs were then re-weighed to measure the total mass of prey removed. For each
stomach, contents were photographed using a Leica DFC425 microscope camera, light-corrected
using the software ImagePro Plus, and replaced in the original container with 10% buffered
formalin to allow for additional examination. Prey items in each stomach were quantified using
different methods specific to each trophic group, in order to best capture the type of prey
contained within disparate feeding guilds.
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Carnivores
To assess gut contents of the “carnivore” species (P. arcatus and C. urodeta), prey items
were removed from the stomach using forceps and a scalpel and weighed to the nearest 0.1 mg
using a microbalance. Although L. bohar were collected at every island, many individuals’
stomachs were empty at the time of collection and therefore not included in analysis. Prey were
identified to the lowest taxonomic category when possible, however, in many cases due to the
heavily digested nature of the prey, dietary items were analyzed in three broad groupings: “fish”,
“crustacean”, and “other”.
Planktivores
Stomachs were opened and contents were washed with DI water through a 53 µm
plankton mesh and transferred into a Bogorov counting chamber. A previous dietary analysis of
the same species of fishes from the Northern Line Islands found high proportions of copepods in
the diets (Cordner 2013). Therefore, copepods were identified to the lowest taxonomic group,
oftentimes family, although they were later analyzed by order. Non-crustacean prey were placed
into coarser groupings, and every individual in each prey category was counted.
Herbivores
To assess gut contents of the “herbivore” species, an estimation of percent composition of
each prey item was used in lieu of exact numerical quantification due to the highly mixed nature
of these stomachs. Stomachs were opened, emptied into a 10 cm gridded Petri dish with twenty
7 mm diameter circles on the bottom, and spread evenly along the bottom while suspended in
filtered seawater. Within each circle, prey items were identified and their percent composition
within the circle was estimated visually to the nearest 5%. Due to the difficulty in correctly
identifying partially digested algal filaments, prey items were placed into one of eight categories
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of functional-forms, rather than grouped by phylogenetic or taxonomic relationships, following
Littler & Littler (1984). These groups are: filamentous, cyanobacteria, net-like, foliose, complex
cylinder, coenocytic, calcified crust, and jointed calcareous. These algal morphological
groupings were analyzed separately, and then placed into three broader categories based on
successional stage (Cordner 2013): 1) early algae (filamentous, cyanobacteria, net-like), 2) late
algae (complex cylinder, foliose, coenocytic), and 3) calcified algae (jointed calcareous, calcified
crust). This method of categorizing algal filaments was selected due to its accuracy and ease of
use, and because morphology is related to ecological, physiological, and developmental
characteristics of marine macroalgae (Littler & Littler 1984). Non-algal prey (e.g., invertebrates,
detritus, sand, etc.) was identified to coarse taxonomic groups and quantified in a similar matter.

Stable Isotope Analysis
Although gut content analyses provide potentially high taxonomic resolution and allow
determination of the contribution of different prey items to an individual’s diet, they provide
only a snapshot of the diet at the time of capture. Additionally, gut contents may be biased
towards certain taxonomic groups based on differences in digestion times (Beukers-Stewart &
Jones 2004). Therefore, stable isotopes (δ15N, δ13C) to provide a more integrated picture of the
trophic ecology of each species over a time span of many months, depending on the tissue
examined (Michener & Kaufman 2007). Stable isotopes are a common technique used to study
dietary niches (Layman et al. 2007a,b, 2012; Newsome et al. 2007, 2012), and they can provide
an estimate of trophic position and sources of dietary carbon, using the ratio of isotopic nitrogen
(δ15N) and isotopic carbon (δ13C) relative to an international standard. The ratio of 15N to 14N
increases in animal tissue as the trophic level increases through the process of biomagnification
(Fry 2006), typically in the range of 3-4 ‰ (Post 2002). The ratio of 13C to 12C does not increase
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much between trophic levels (~0.5 ‰), but instead varies most dramatically depending on the
source of primary production contributing to the diet, as different primary producers utilize
distinct photosynthetic pathways (e.g., macroalgae vs. phytoplankton) (Fry 2006).
The ratios of isotopic nitrogen and isotopic carbon were calculated from dorsal muscle
tissue, because of its low turnover rate (time-based half-life in wild fish: δ13C = 49 days; δ15N =
107 days) compared to liver and blood (Buchheister & Latour 2010), thereby providing a longterm integration of isotopic assimilation. Frozen tissue samples were sent to the Boston
University Stable Isotope Laboratory for analysis following standard protocols. This lab utilizes
a Finnigan Delta-S and two GV Instruments IsoPrime isotope ratio mass spectrometers to
calculate δ13C and δ15N relative to an international standard (Vienna Pee Dee Belemnite and

atmospheric nitrogen, respectively). To ensure accuracy in the samples, a known standard

(peptone or glycine), was run every 15 consecutive samples. If the known standard differed by
more than 0.15‰ from the expected value, the samples preceding the standard were rerun. Over
the course of analysis, the standards glycine (n = 82) and peptone (n = 38) varied little amongst
themselves, with a standard deviation of < 0.09 ‰ and < 0.12 ‰, respectively. Upon receiving
the results, any individual with an isotopic signature >4 standard deviations away from the mean
of that population along either the δ13C or δ15N axis was discarded as an outlier for future data

analysis. In addition to running samples on the focal species, putative prey items were collected
and analyzed separately.

Zooplankton and Particulate Organic Matter
Zooplankton samples were collected from near the reef using a plankton pump, run
through 133 μm mesh, and frozen at -20°C. At the lab, samples were thawed and backwashed
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using filtered seawater. The suspension was homogenized with a tissue homogenizer and filtered
onto pre-weighed, pre-combusted 47 mm GF/F filters, which were then rinsed with DI to remove
salt. Samples were acidified with 1M HCl to remove inorganic carbon and dried at 60°C for 2448 hours. To account for variability within the zooplankton assemblage, each dried filter was
punched twice, and the average of the two readings was used to determine the isotopic signature
of each sample. Particulate organic matter (POM), as a proxy for phytoplankton signatures, was
collected at 10 m depth in a 2 L niskin bottle. Each niskin bottle was filtered onto a precombusted 25 mm GF/F filter and frozen at -20°C. At the lab, samples were thawed, rinsed with
DI water to remove salt, and acidified with 1M HCl to remove inorganic carbon. Filters were
dried overnight at 60°C, and the central portion of each sample was utilized for stable isotope
analysis.

Benthic Algae
The most abundant alga at each island (Flint - Halimeda tuna; Vostok – Avrainvillea sp.;
Millennium – H. opuntia; Starbuck – H. micronesica; Malden – Dictyota sp.) was collected at
every 5 m from 5-30 m depth, and when possible, 5 replicate samples were collected at each
depth. The samples were rinsed with fresh water, wrapped in pre-combusted aluminum foil, and
frozen at -20°C. Samples were brought back to the lab for processing where they were thawed
and Halimeda spp. were decalcified in 5% HCl to remove potential contamination by inorganic
carbonates. Decalcified samples were rinsed with DI water and dried at 60°C for 48-72 hours,
when they were then homogenized using a tissue grinder. 1.5 mg of biomass was weighed out
and used for stable isotope analysis.
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Data Analysis
Environmental Data
To quantify the degree of environmental variability among islands, environmental factors
were characterized at the scale of each island using methodology outlined by Gove et al. (2013).
Raw data were obtained from publicly accessible remote sensing data provided by NOAA’s
Pathfinder v5.0 (SST) and NASA’s Moderate Resolution Imaging Spectroradiometer (Chl-a).
Yearly averages from 2004-2015 of both variables were calculated at each island, and these were
averaged together to generate a 12-year average of SST and Chl-a at all the study islands.

Stomach Contents
To assess the spatial variability of stomach contents among populations of these species,
island-level summary statistics were compiled for each of the prey items for a given species. For
every individual, the percent weight, percent number, or percent area of each prey item was
calculated. These percentages were then averaged across every individual at each population to
calculate an island-wide mean and standard error for the percent composition of all prey items,
which were used to establish broad patterns of diet composition of these species at each island
and to verify their feeding strategies. Additionally, a principal component analysis (PCA) was
run on the stomach content data for each species to visualize geographic variation in diet for each
species in multivariate space. Depending on species, the first principal component (PC1)
explained 35.8% - 72.1% of the variation, and PC2 explained 15.3% - 35.8% of the variation.
Mean PC scores for each species on each island (±1 SE) and the loading vectors were plotted,
and those dietary variables with loading scores greater than ± 0.25 on either PC1 or PC2 were
labeled on Figure 3.
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To examine geographic variation in each population’s trophic niche width and the degree
of individual dietary specialization, Levin’s Measure of Niche Breadth and Araújo’s Individual
Specialization Metric E were calculated for each population of fishes (i.e., every species-island
combination) using the RInSp Package in R (Zaccarelli et al. 2013). Levin’s Measure of Niche
Breadth is the reciprocal of Simpson’s index of diversity (Levins 1968) and was calculated using
the following formula:

Where Nj is the number of individuals consuming prey item j; and Y is the total number of
individuals sampled (Σ Nj). This metric was then standardized between 0 and 1 to enhance the
readability of the data using the following formula suggested by Hurlbert (1978):

Where BA is the standardized value; B is the Levins’ measure calculated previously; and n is the
total number of prey items found in conspecific stomachs across the islands. Araújo’s E index is
a measure of the degree of individual specialization within a population, and it is derived from
complex network theory (Araújo et al. 2008). Every individual’s diet acts as a node and the
edges of the network connecting individuals are a measure of the degree of pairwise diet overlap
between the individuals, measured between 0 and 1. The population’s degree of individual
specialization is calculated as 1 – the average of these pairwise measures of niche overlap for all
possible pairs in the population. It ranges from 0 in the absence of interindividual variation and
increases towards 1 as the degree of interindividual variation within the population increases. A
jackknifed estimate of the variance of this index was also calculated for each population (Araújo
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et al. 2008). To statistically compare these metrics across the islands for each species, I
performed a Pearson correlation on each of these metrics with the 12-year average of [Chl-a] at
each island as the independent variable (n = 3-5 islands per metric, depending on species).

Stable Isotope Analysis
Stable isotope analysis was employed to investigate the trophic ecology of these fish
species over a longer timescale than is possible with stomach contents. To calculate the dietary
niche width of the fish populations and examine geographic variation in trophic ecology across
the oceanographic gradient in the Southern Line Islands, spatial metrics were employed to
examine the variance in stable isotope signatures among individuals within a population. A
population’s isotopic niche, measured as the spread of isotopic signatures in bivariate (δ13C –
δ15N) space, is another method of quantifying the trophic niche (Layman et al. 2007a; Jackson et
al. 2011). Layman et al. (2007a) proposed a suite of metrics to quantify the spread and shape of
species- and community-level isotopic niches, yet more recent studies revealed that some of
these metrics were sensitive to sample size (Jackson et al. 2011). Therefore, I elected to use a
newer approach that accounts for sample size in the calculation of the isotopic niche width.
Every individual within a population was plotted in bivariate stable isotope space, and the
standard isotopic ellipse area (a two-dimensional analogue to standard deviation) was calculated
for the population using the Stable Isotope Bayesian Ellipses in R (SIBER) package in R
(Jackson et al. 2011). Populations with larger ellipse areas are assumed to represent locations of
increased dietary diversity. To statistically compare the area of the ellipse among each
population within a species, Bayesian models were fitted using uninformative priors to estimate
the posterior distributions of the ellipse areas. Analytical solutions are not known for these
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analyses, so posterior distributions were estimated using Markov Chain Monte Carlo (MCMC)
Gibbs sampling (iterations: 200,000; burn-in: 10,000; thinning value: 100), and the mode of each
distribution and the 95% credible intervals (the Bayesian analogue to confidence intervals) were
calculated for each population. The area of the ellipse, and therefore the isotopic niche width,
was determined to be statistically different from another population if these credible intervals did
not overlap.
Although the area of the standard ellipse is a robust indicator of isotopic niche breadth, it
lacks information on how populations are variably utilizing resources along the respective
isotopic axes. Therefore, I used the δ13C and δ15N ranges of each population as a metric to
provide additional information on how each population changes its niche width across the island
chain. For each species-island combination (n = 37), I calculated Z-scores of the δ13C and δ15N
ranges. Z-scores were used to standardize the values across species, while still providing
information on which of the islands within a species were high or low relative to the other
islands for that species. I then averaged the Z-scores for all species at each island (n = 6-8
depending on island) to examine general patterns of changing δ13C and δ15N range across all
species. I performed a one-way ANOVA to test whether these values differed significantly
among the islands, and I additionally performed a Pearson correlation analysis to determine the
direction and strength of the relationship between these Z-scores and the Chl-a values from each
island.

Community Metrics
To determine whether spatial differences in trophic diversity were manifest at the
community level among these distinct islands, I applied the spatial metrics proposed by Layman
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et al. (2007) to the community at each island. These metrics can be applied to entire
communities using the centroid of each species’ population niche as a singular point upon which
to calculate community niche breadth, using the variability within a population to estimate
uncertainty around these values (Jackson et al. 2011). Because not all species were found at all
islands, the two species absent from certain locations (S. aureus and C. marginatus) were
removed for this analysis to keep consistent numbers of species for all locations, as some of
these metrics, particularly the convex hull area, are sensitive to sample size. The posterior
distribution of these metrics was calculated using Bayesian models provided in the R package
SIBER using the same parameters that I used for the population ellipse areas (Jackson et al.
2011). The isotopic metrics of convex hull area, mean distance to centroid and the range along
the δ13C and δ15N axes were calculated, and the mode and 95% credible intervals from their

posterior distributions were plotted. All statistical analyses were conducted using the statistical
software R 3.2.3 (R Core Team 2015).
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RESULTS
Stomach Contents Analysis
Stomach content analysis revealed species-specific differences in diet and some spatial
variability among islands within species. The carnivores consumed mostly crustacean and fish
prey, with Paracirrhites arcatus consuming more crustaceans (Fig. 1.2a; Table 1.S2), while
Cephalopholis urodeta consumed more fish (Fig. 1.2; Table 1.S3). Due to the low number of
differentiable prey groups, little spatial variability was revealed in PCA analysis for either
species, and all islands tended to cluster near the center of the plot (Fig. 1.3).
Both species of planktivore consumed mostly copepods (58-93%, depending on island),
although there was significant spatial variability in diet composition among islands (Fig. 1.2;
Table 1.S4, 1.S5). Two copepod orders, Harpacticoida and Poecilostomatoida, were important
factors in both species diets, and they accounted for ~50-80% of prey at all islands for both
species. Much of the variability in Pseudanthias bartlettorum was driven by differences in these
two copepod orders, with relatively high proportions of Harpacticoida in the stomachs at
Millennium and Malden and low proportions of this order at Vostok (Fig. 1.2; Table 1.S4).
Poecilostomatoida tended to exhibit the inverse pattern of the Harpacticoida, because these two
orders comprised similar total proportions in stomachs across the islands. Chromis margaritifer
also exhibited differences in these two copepod orders, and Poecilostomatoida comprised the
greatest proportion of diet at Flint and the smallest at Malden, and followed a general negative
trend with productivity. In addition to the copepods, C. margaritifer also incorporated more
larvaceans and foraminifera at the more productive islands relative to the three oligotrophic
islands, with the greatest proportion of these groups at the most productive island of Malden.
(Fig. 1.2; Table 1.S5). Spatial variation in the diet of C. margaritifer was driven mostly by the
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presence of a pelagic salp, which was locally dominant in the diet. PCA demonstrated that both
species of planktivore expressed spatial variability in diet composition, and the productive
islands of Starbuck and Malden were situated closer to each other in the biplots (Fig. 1.3).
Similar to the overall diet composition calculations, the copepod orders Harpacticoida and
Poecilostomatoida were important factors for both species. For P. bartlettorum, Harpacticoida
were an important resource at Millennium and Starbuck, while Poecilostomatoida were more
common in the diet at Flint, Millennium, and Vostok. In C. margaritifer, Poecilostomatoida
drove variation at Flint and, to a lesser extent at Vostok, while Harpacticoida were important
prey at Millennium. Also for C. margaritifer, larvaceans drove separation of the two productive
islands of Starbuck and Malden from the others (Fig. 1.3).
Analysis of the herbivore gut contents revealed distinct feeding strategies among species,
but little spatial variability within species upon inspection of average diet composition (Fig. 1.2eg). Acanthurus nigricans is predominantly an herbivore, consuming 60-80% algae across all
islands (Fig. 1.2; Table 1.S6), while Ctenochaetus marginatus is more of a detritivore, with 8090% of its diet composed of sand and detritus at all islands (Fig. 1.2; Table 1.S7). Stegastes
aureus exhibits a diet composition between these extremes, consuming 60-80% sand and detritus
as well as 10-20% algae across the islands, yet they also incorporate the most invertebrate prey
in their diets (Fig. 1.2; Table 1.S8). Spatial patterns emerged among the islands for the three
species through PCA, although important prey groups varied by species. For S. aureus, sand and
detritus drove much of the geographic variability along the PC axes with detritus being an
important group for Malden and sand being an important group for Millennium and Vostok,
while invertebrates were an important loading variable for the population at Starbuck (Fig. 1.3).
The nominally herbivorous Acanthurus nigricans exhibited significant loading on the three main

23

types of algae found in its diet: foliose and complex cylinder (late algae) and filamentous (early
algae). Starbuck separated out from the other islands based mostly on filamentous algae, while
the others were similar to each other and not driven by any variable in particular (Fig. 1.3). C.
marginatus dietary composition was similar at Starbuck and Malden, while individuals from
Vostok exhibited a distinct diet. Spatial variability in C. marginatus was driven mostly by
higher sand and detritus consumption at the two productive islands and more benthic
foraminifera and fish scales in the diet at Vostok (Fig. 1.3).
Although there was some degree of spatial variability in Levin’s Measure of Niche
Breadth, there was little evidence that niche breadth, as measured through gut contents, changed
across the productivity gradient for most species (Fig. 1.4; Table 1.1). However, C. margaritifer
exhibited a positive trend of increasing niche breadth with increasing productivity (Pearson
correlation, t3 = 3.72, r = 0.91, p = 0.034; Fig. 1.4), and C. marginatus had a negative trend with
productivity (Pearson correlation, t1 = -52.12, r = -0.99, p = 0.012; Fig. 1.4). Although C.
marginatus’s population niche breadth correlated negatively with productivity, the magnitude of
this effect is low compared to that of C. margartifer. The geographic patterns of Araújo’s E
index of individual specialization also showed little variation among islands across the different
species, with some exceptions. C. margaritifer (Pearson correlation, t3 = 2.81, r = 0.85, p =
0.067; Fig. 1.5) and A. nigricans (Pearson correlation, t3 = 3.01, r = 0.87, p = 0.057; Fig. 1.5)
exhibited a positive trend in the degree of individual specialization with increasing productivity,
while the other species showed no trend with productivity and little spatial variability in general
(Fig. 1.5; Table 1).
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Stable Isotopes
In contrast to the stomach contents analysis, the isotopic signatures of the different
populations separated by their location in bivariate isotopic space (Fig. 1.6) and by their ellipse
area (Fig. 1.7). Consistent among species, the islands of Starbuck and Malden appear similar to
each other isotopically, and distinct from the other three islands, and this variation is driven
mostly along the δ15N axis (Fig. 1.6). The standard ellipse area either increased (4 species: C.
urodeta, L. bohar, S. aureus, and A. nigricans) or did not change (P. arcatus, C. margaritifer, P.
bartlettorum, and C. marginatus) with increasing productivity (Fig. 1.7). Of the four species that
did not show a pattern, three were the smallest-bodied carnivores (one mid-level carnivore and
two planktivores) and one was the nominally detritivorous species. Across all species, the Zscores calculated from the δ13C range (i.e., a metric representing of the diversity of basal

resources in the diet) were highest on average at the productive islands of Starbuck and Malden
and lowest on the least productive island of Flint (ANOVA F4,32 = 2.71, p = 0.048; Pearson
correlation, t35 = 3.17, r = 0.47, p = 0.0031; Fig. 1.8a). The Z-scores calculated from the δ15N
range were lowest at Millennium and highest at Malden, yet were not statistically different

(ANOVA F4,32=2.12, p = 0.101; Pearson correlation, t35 = 1.50, r = 0.25, p = 0.14; Fig. 1.8b).

Community Metrics
At the island level, the pattern of δ15N depletion with increasing productivity remains
consistent across all fish species and basal prey source groups (Fig. 1.9). Although all basal prey
sources and the fish community exhibit negative trends in δ15N with respect to productivity, not
all are statistically significant (Pearson correlation on island-level means: Reef POM t3 = -0.95, r
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= -0.48, p = 0.41; Offshore POM t3 = -1.92, r = -0.74, p = 0.15; Zooplankton t3 = -2.69, r = -0.84,
p = 0.074; Macroalgae t3 = -1.79, r = -0.72, p = 0.17; Fish Community Average t3 = -5.79, r = 0.96, p = 0.010). In the three oligotrophic islands, all fish species cluster together, whereas in the
two productive islands, the planktivores separate out from the rest of the community by
becoming more depleted in δ15N and δ13C. At Vostok, the two species consuming high
proportions of detritus separate out from the rest of the fish community by becoming more
enriched in δ15N and δ13C (Fig. 1.9). At all islands the three carnivores remain located close to
each other in isotopic space. The community convex hulls revealed significant spatial variation
in isotopic diversity, with the islands resting within the upwelling zone, Starbuck and Malden,
appearing similar in size, shape, and location (Fig. 1.10a). The fish community from the three
islands situated in more oligotrophic waters were more enriched in δ15N, and they were more
variable in their size and shape relative to each other and to Starbuck and Malden (Fig. 1.10a).
Across all islands, there is a tendency for communities to become more variable in isotopic
space, with increases in convex hull area (a proxy for total amount of trophic diversity within a
community; Pearson correlation, t3 = 2.60, r = 0.83, p = 0.080), mean distance to centroid (an
estimate of the average degree of trophic variability within a community; Pearson correlation, t3
= 2.51, r = 0.82, p = 0.087), δ13C range (amount of variability in basal resource utilization;
Pearson correlation, t3 = 2.52, r = 0.82, p = 0.086), and δ15N range (a proxy for the number of
vertical trophic links in the community; Pearson correlation, t3 = 2.53, r = 0.82, p = 0.086) with
increasing productivity (Fig. 10b-d). These results indicate that the communities from the more
productive islands exhibit greater trophic diversity, encompass more vertical trophic links, and
more fully utilize basal resources. Although all four metrics show general patterns of increasing
dietary diversity with increasing oceanographic productivity, Starbuck and Malden separate out
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significantly from the other three islands in the mean distance to centroid and δ15N range metrics,
while the trend in δ13C range is the weakest, with Malden exhibiting a significantly larger δ13C
range than the three oligotrophic islands, but with Starbuck being statistically similar to all
islands (Fig. 1.10).
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DISCUSSION
I examined the effect of an oceanographic productivity gradient on variability in the
trophic niches of eight species of coral reef fishes from five remote islands in the central Pacific.
Across the different metrics examined, species tended to either increase their measured dietary
niche (14-50% of species, depending on metric) or show no significant trends with increasing
oceanographic productivity across the five Southern Line Islands (Table 1). Of the eight species
studied, only two failed to show signs of increasing niche width or degree of individual
specialization in at least one of the metrics, and only one species in one metric exhibited a
statistically significant pattern of declining trophic diversity with increasing productivity. While
the negative trend measured in the Levin’s Standardized Niche Breadth in Ctenochaetus
marginatus was statistically significant, is unlikely to be ecologically significant due to the small
magnitude of change across the islands. The range of values for this metric in C. marginatus
was < 0.025, which was the smallest range in this metric for any species examined and an order
of magnitude less than the other species (Chromis margaritifer) that exhibited positive trends in
this metric.
The consistent increases in niche width and dietary diversity among species across the
productivity gradient were opposite of what I hypothesized a priori, and did not support the
theoretical basis from optimal foraging theory that individuals in productive areas would
specialize on preferred prey, leading to smaller niche widths at these islands. Instead, the results
from this study suggest that consumers increase their dietary niche breadth as primary
productivity increases. Much of the theory regarding foraging behavior and primary productivity
is based on relatively simple models and tests reaffirming these theories come from simple
systems, such as intertidal fishes (e.g., Horn 1968). Therefore, the patterns observed in this
study may be a better representation of more complex systems, with multiple basal resource
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pools, heterogeneity in the habitat, and pervasive competitive and predator effects. In my initial
hypotheses, I assumed that prey diversity would remain relatively constant across the islands and
that productivity would mostly increase the amount of resources and not necessarily resource
diversity, which may not be the case. As primary productivity increases, species diversity tends
to increase as well, at least to a point (i.e., productivity-diversity hypothesis; Currie 1991), which
may be reflected in the size of the dietary niche of predators. For example, Layman et al.
(2007b) found that the isotopic niche width of grey snappers decreased in fragmented tidal
creeks compared to populations from unfragmented creeks, and the collapse of that niche width
in fragmented sites was driven by lower prey diversity. Additionally, Quevedo et al. (2009)
revealed that perch subpopulations from the homogenous, less diverse pelagic zone of a highaltitude lake had smaller trophic niches and less-specialized individual diets than those from the
more diverse, heterogeneous littoral zone, and they suggest that this is driven by lower prey
diversity in the pelagic food web. If primary productivity increases prey diversity across the
upwelling gradient in the Southern Line Islands, then the pattern of niche expansion as a function
of increased productivity observed in the current study may follow the same mechanism as these
examples from other systems.

Stomach Contents
Of the metrics examined, stomach contents metrics exhibited weaker relationships with
primary productivity than the stable isotope data, and this was most apparent in the carnivores
and herbivores. Poor taxonomic resolution in the stomach contents of the carnivore and
herbivore trophic groups is one likely explanation. Prey items in the carnivores were heavily
digested in most individuals, preventing high-resolution taxonomic categorization, and there was
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a high proportion of empty stomachs, particularly in Cephalopholis urodeta. Despite these
issues, diet composition at the broad scale was similar to these same species in the nearby
Northern Line Islands, with Paracirrhites arcatus consuming mostly benthic crustaceans and C.
urodeta consuming a more even split between crustaceans and fishes (Cordner 2013). In the
herbivores, prey items were unable to be sorted by taxonomy due to the problems associated with
preservation of delicate algal filaments and digestion. Therefore, they were categorized by
morphology, which provides some indication of their ecology (Littler & Littler 1984) but are
fairly course groupings and does not allow direct comparison to the stable isotope data in these
species, because algal groups fractionate based on taxonomy rather than morphology. Despite
this shortcoming, I found that the predominantly herbivorous Acanthurus nigricans exhibited an
increase in the degree of individual specialization with productivity, which may be due to smallscale variability in turf assemblages allowing them to specialize on certain algae at the more
productive islands (Harris & Smith 2015). Individuals tended to focus primarily on filamentous
algae or complex cylinders at the productive islands, and at Starbuck, some individuals
specialized on a small diatom which was rare at the other islands. Herbivore abundance and
algal cover were greatest at Starbuck, so increased intraspecific competition may be driving
certain individuals to consume novel prey items that are only abundant at this high algal cover
reef.
In contrast to the other trophic groups, the stomach content measures of population niche
breadth and individual specialization in planktivores exhibited strong patterns associated with
productivity, with Chromis margaritifer exhibiting greater individual dietary specialization and
increasing population niche breadth with increasing productivity (Fig. 1.4). Both planktivore
species had high species richness in their gut contents, even at the coarse taxonomic groupings
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used, and many individuals consumed items from different prey categories. Although most of
the prey groups were found at each island, the proportion of each in the diet at the populationlevel differed dramatically. Both species had high proportions of copepods in the diet and
general diet composition was similar to what is documented in the Northern Line Islands for
these species (Cordner 2013). However, larvaceans in the diet of C. margaritifer and
foraminifera in the diet of P. bartlettorum were reported to decrease with productivity in the
Northern Line Islands (Cordner 2013), which is opposite to observations from the current study
in the Southern Line Islands. I also found evidence of niche partitioning in these species in
regard to the larvaceans at the more productive islands. C. margaritifer consumed higher
abundances of larvaceans and foraminifera at the productive islands, but this dietary shift was
not observed in the P. bartlettorum. Whether this is due to differences in prey choice or smallscale variation in foraging space, it is an indication of diverging foraging strategies between
these species at the more productive islands. Additionally, in other locations, current speed
influences the foraging rate and location in the water column of planktivorous damselfishes
(Mann & Sancho 2007) and they use relatively rare but dense patches of preferred prey when
available (Noda et al. 1992). These factors, that impact the foraging ecology of similar species,
vary over small spatial and temporal scales, and may influence the individual variability
observed in this study.

Stable Isotopes
In contrast to the stomach content data, the stable isotope analyses revealed strong and
consistent increases in niche width as a function of increasing productivity across species. All
species exhibited a dramatic depletion in δ15N at the two productive islands relative to the three
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oligotrophic islands, which is a consistent with the stable isotope signature of nitrates in the
central Pacific (Altabet 2001). Four of the eight species studied exhibited increased isotopic
niche with increased productivity, while no species showed the opposite pattern. The four
species exhibiting an increase in isotopic niche width were the two larger carnivores and two of
the herbivores. These species had larger ellipse areas, in the range of 1-10‰2. Large predators
are more mobile and forage over larger areas, consuming prey from a variety of different habitats
with different isotopic signatures resulting from different basal sources (Scharf et al. 2000).
Additionally, coral reef mesopredators can forage adaptively, switching to different prey sources
based on availability in the system (Hempson et al. 2017). The herbivores, in contrast, are
making choices to either 1) forage within the turf assemblage, a complex mixture of small algae,
detritus, bacteria, and invertebrates that exhibits variability over small scales (Harris & Smith
2015), or 2) to target larger macroalgae and/or micro-invertebrates. Species of tropical benthic
algae can vary dramatically along the δ13C axis (Briand et al. 2016), thus these foraging
decisions can lead to larger isotopic niche widths compared to the smaller, non-herbivorous
consumers.
Of the four species that did not increase isotopic diversity with increasing oceanographic
productivity, three were the smallest-bodied carnivore and the two planktivores in the study
(Paracirrhites arcatus, Pseudanthias bartlettorum, and Chromis margaritifer). These species
had an ellipse area of less than 1 ‰2 at all islands. The small size of these isotopic niches make
it difficult to capture variability across islands, and even if we detected differences, they are
unlikely to be ecologically significant. The species characterized by small isotopic niches are
united by having either small foraging ranges (P. arcatus) or consuming prey that are
isotopically homogenous (the two planktivores). P. arcatus is an ambush predator that resides
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within a single coral head and its foraging range is thus constrained to this area. If potential prey
within coral heads (crabs, shrimps, and newly-settled fishes) have similar isotopic signatures at
the island-level, then there would be little variation in the isotopic niche for this species. The
planktivores are also small-bodied and have small isotopic ellipse areas. Whereas the other
trophic groups feed on both benthic and pelagic prey, the planktivores are more tightly
associated with planktonic carbon sources, leading to smaller isotopic niches. Similar results
were documented for planktonic damselfishes in Madagascar, where species utilizing
predominantly pelagic sources occupy similar isotopic space and exhibit low intraspecific
variability (Frederich et al. 2009). The fourth species with no relationship with productivity was
the nominally detritivorous C. marginatus. This species was only found at three islands, making
it difficult to draw conclusions about its among-island patterns. However, it trends towards the
opposite pattern, with its largest ellipse area and Levin’s measure of niche breadth at Vostok. In
the stomachs of this species, there were a high proportion of large, symbiotic benthic
foraminifera, which are found in the detritus it consumes and may be adding additional isotopic
variability. Also, Vostok is the only Southern Line Island that was not mined for guano, so the
isotopic signature from bird guano runoff could be influencing the detrital pool and altering the
isotopic signature of the fish indirectly. Bird guano is high in δ15N and can enrich the local
reefscape (McCauley et al. 2012; Honig & Mahoney 2016), which may also explain why the two
species consuming the most detritus separate out from the rest of the community at Vostok more
so than at the other islands (Fig 9).
It is important to note that the isotopic ellipse areas are a representation of how
individuals within a population differ from each other; every individual’s isotopic signature is a
singular value representing all prey that were assimilated within the turnover period. Therefore,
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variation within an individual is not captured in this metric, thus the ellipse area provides
information on inter-individual diet differences. Calculating numeric indices of individual
specialization from stable isotope data was not possible due to the lack of temporal coverage
within an individual (i.e., utilizing different tissue types with varying degrees of isotopic
turnover) and missing isotope signatures from many potential prey items. This prevents us from
measuring the within-individual variation (WIC) that is used to enumerate the degree of
individual specialization by calculating the between-individual variation (BIC) to WIC ratio
proposed by Roughgarden (1974) and recently applied to stable isotopes (Bearhop et al. 2004;
Newsome et al. 2009). Additionally, due to the low proportion of potential prey items collected
for stable isotope analysis relative to the actual number of potential prey items in the field, we
are unable to accurately determine the prey items responsible for driving the increasing niche
width in the current study. However, if we assume that all individuals within a population are
foraging from the same pool of potential prey and that they assimilate prey isotopic signatures in
a similar fashion, then this metric provides evidence of trophic dissimilarity between individuals
within a population and thus is a representation of the population’s niche breadth. Variability in
prey isotopic signatures can also influence the variance in the isotopic signatures of consumers,
yet I reject this as an explanation for the observed increases in isotopic niche width. In this
study, basal food sources either did not exhibit changes in variability of the isotopic signature
with respect to productivity or demonstrated evidence of a trend towards declining variability
with productivity in both the δ15N values (Pearson correlation on island-level standard
deviations: Reef POM t3 = -0.088, r = 0.051, p = 0.94; Offshore POM t3 = -0.75, r = -0.40, p =
0.51; Zooplankton t3 = -1.00, r = -0.50, p = 0.39; Macroalgae t3 = -1.97, r = -0.75, p = 0.14) and
δ13C values (Pearson correlation on island-level standard deviations: Reef POM t3 = -0.35, r = -
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0.20, p = 0.75; Offshore POM t3 = -1.64, r = -0.69, p = 0.20; Zooplankton t3 = -0.38, r = -0.21, p
= 0.73; Macroalgae t3 = -1.62, r = -0.68, p = 0.20).

Community-Level Metrics
At the community level, populations became more dispersed isotopically as a function of
increasing primary productivity and this was driven primarily by increases along the δ15N axis.
The δ15N range represents of the approximate trophic length of the community, thus a larger δ15N
range indicates greater trophic diversity with increasing oceanographic productivity (Perkins et
al. 2014). An increased δ13C range indicates an increase in the diversity of basal food sources
with varying δ13C values (Layman et al. 2007a). Taken together, the dramatic increase of δ15N at
the productive islands of Starbuck and Malden and the slight increase of the δ13C range with
productivity indicate greater trophic diversity as productivity increases, and that this is driven
primarily by increasing the trophic length of the food web and weakly driven by increasing
diversity of basal food sources. This differs from the trends observed at the species level, where
the δ13C range of individual populations was greatest at the two productive islands but there was
limited evidence of an increase in δ15N range with productivity. Organisms occupying the
extremes of the δ13C range, encompassing isotopic signatures from brown to red algae, are most
likely included at all the islands, with only slight expansion along this axis at the community
level. However, individual species, which only occupy a subset of the community δ13C range,
can adaptively forage and increase their utilization of resources along the δ13C axis in the
productive islands. The community trophic diversity is therefore increased by adding additional
trophic links among species within the stable δ13C range, and perhaps by adding additional
members and trophic levels into the community. Although I do not have the data to address the
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question of increasing diversity within the fish community that would lead to increased trophic
links at the more productive islands, there is some evidence of this occurring in this system.
Even within the small subset of the total fish community sampled in this study, all study species
were found at both the productive islands, whereas the two of the three oligotrophic islands were
missing at least one of Stegastes aureus or Ctenochaetus marginatus. If this pattern of lower
diversity holds true for the fish community at large, the species unique to the productive islands
could explain the separation among the study species along the δ15N axis by occupying the
interstitial space in the community niche.
Increased trophic diversity has classically been associated with increased stability of the
food web (Paine 1980) and degraded habitats and areas with lower primary productivity typically
have lower trophic complexity and number of trophic levels (Layman et al. 2007b; Dobson et al.
2011; Bergamino et al. 2011). Thus, food webs from the more productive islands may be more
resilient to various disturbances due to populations having access to more resources, assuming
that individuals are able to forage adaptively across the landscape and switch prey when needed
(Kondoh 2003; Hempson et al. 2017). Examination of the community-level isotope plots reveals
that this pattern is mostly driven by the two planktivores, P. bartlettorum and C. margaritifer,
which are more deplete in δ15N and δ13C relative to the rest of the fish community at the more
productive islands. Both species incorporated greater amounts of foraminifera and larvaceans
into their diets at the more productive islands, although this was stronger in C. margaritifer.
Additionally, their isotopic signature becomes closer to that of their putative prey, zooplankton,
at these islands, to the point where their δ15N level is only slightly more enriched, and well below
assumed values of trophic discrimination (Fig. 1.9). However, the planktivores remain enriched
with respect to particulate organic matter at these islands, providing evidence that they are
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consuming more phytoplankton and other organic particulates from the water column, along with
zooplankton, at the productive islands. Other studies have found that coral reef mesopredators
on healthy reefs have a stronger signal from pelagic sources in their diets compared to degraded
reefs which contain a greater influence from benthic sources (Hempson et al. 2017).

Other Explanations and Considerations
I compared these metrics of dietary diversity at the island level to test my a priori
hypothesis that the primary productivity gradient would influence the trophic ecology of these
species. Although I found some evidence to support a relationship between trophic ecology and
primary productivity, the lack of a relationship in many species does not mean there was no
influence, just that primary productivity was not the main driver. Many other environmental and
ecological factors that I did not examine likely contribute to the variability in diet diversity
observed among species across the island chain. Current speed and wave energy have been
shown to influence the foraging ecology of planktivorous damselfishes (Mann & Sancho 2007)
and corallivorous butterflyfishes (Noble et al. 2014), respectively, yet these variables were
difficult to attain in the field or at high-enough resolution via remote sensing. Sea surface
temperature (SST) covaries with primary productivity and could also be influencing trophic
ecology of these species. Temperature influences metabolic rates of organisms, and higher
temperatures lead to greater foraging rates (Floeter et al. 2005; Smith et al. 2008). However,
many of these studies focus on temperature effects over ~10ºC and found the most significant
effects near the edges of their thermal tolerance (Floeter et al. 2005; Smith et al. 2008).
Temperature likely alters the trophic ecology of these species across their geographic range, yet
in our study region, SST varies by less than 2ºC whereas primary productivity doubles across the
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island chain (Table 1.1, Fig. 1.1). Thus, the effect of primary productivity is more pronounced
across our study islands and is likely to be a more important factor in driving variation in trophic
ecology across these islands. Apex predator biomass also increases with the productivity
gradient. Previous studies found that prey foraging behavior was strongly restricted by predator
presence until crossing a threshold predator biomass density of roughly 100 g/m2, after which
additional increases in predator biomass did not affect the prey behavioral response (Madin et al.
2010a,b). All the Southern Line Islands have high predator biomass, significantly above the
levels previously found to influence prey behavior, thus I assumed that predator presence
similarly affects prey foraging behavior across the five islands. However, when prey foraging is
restricted in space, increased oceanographic productivity may enhance prey resource availability
and diversity on small spatial scales (Harris & Smith 2015), leading to the patterns observed in
this study. Due to the remoteness of these islands, benthic cover and habitat heterogeneity is
similar across the study sites (e.g., 60-80% live coral cover) except for Starbuck (20% live coral
cover). Starbuck has lower live coral cover and higher macroalgal cover than the other islands,
which may have influenced some of the patterns by altering the types of benthic resources
available to consumers as well as influencing available habitat. For example, the herbivorous A.
nigricans had the highest isotopic niche, degree of individual specialization, and consumed more
early and filamentous algae at Starbuck, rather than following a pattern strictly based on
productivity.
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Proposed Mechanism for Niche Expansion with Increasing Oceanographic Productivity
My results suggest that as productivity increases on coral reefs in the central Pacific,
consumer diets and the community trophic structure become more diverse. This may be
attributable to the expansion of the available community niche space at more productive islands,
leading to an increase in the size of the realized niche at the species level. Interspecific
competition has generally been regarded as a constraining force on a population’s ecological
niche, whereas intraspecific competition has an opposite, dispersive, effect (van Valen 1965;
Roughgarden 1972; Svanbäck & Persson 2004). Therefore, lower food availability at
oligotrophic islands could decrease the niche width of the study species due to intense
interspecific competition for limited resources. In contrast, at the more productive islands
resource abundance and diversity is enhanced and therefore competition is relaxed, allowing
individuals to occupy different areas in the community niche space, ultimately increasing the
trophic niche of the population (Bolnick et al. 2010). This would be an ecological timescale
analogue to species rapidly diverging evolutionarily when initially colonizing a depauperate
island. Freed from mainland competition in a new island system and exposed to novel niche
space, various phenotypes within a population would be allowed to persist where they would
have been strongly selected against in the previous system (i.e., ecological release). The process
in the current study is operating over ecological rather than evolutionary time scales, but
ecological release occurring over behavioral timescales has been experimentally demonstrated in
other systems (Bolnick et al. 2010). If this mechanism is accurate, I predict that competition and
niche overlap would be greater among functionally similar species at more oligotrophic islands
and that morphological variation within a population would be greater at the productive islands
due to individuals being able to utilize additional niches. Formally testing these hypotheses in
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this system is beyond the realm of this study, but some support can be found by examining
overlap in the two planktivores, species found to consume similar resources across all the
islands. At the two productive islands, these two species’ average isotopic signatures are over
twice the distance from one another along the δ13C axis (0.616‰ vs. 0.269‰), providing some
indication of increased competition at the oligotrophic islands.

Conclusion
This study provides evidence that the trophic ecology of these numerically and
functionally dominant coral reef fish are geographically variable across the Southern Line
Islands. Although direct examination of the variables influencing these shifts in individual
specialization and niche width are difficult, many of the metrics show a pattern of increasing
dietary diversity across the islands, consistent with the strong productivity gradient. I
hypothesize that this is due to increased productivity, which increases the potential niche space
of the community, relaxing competitive interactions among species. Enhanced productivity and
prey diversity subsequently allows these generalist species to occupy different areas of the
community niche space and increase their trophic niche breadth. At the community level, the
two islands located within the upwelling zone are strikingly similar to each other, despite
relatively large differences in habitat and benthic cover. In addition, the productive islands are
elevated compared to the oligotrophic reefs in all measured isotopic metrics, complimenting the
individual species patterns. This reinforces the finding that oceanographic variability is
associated with higher trophic diversity, likely driven by an increase in the number of vertical
trophic links in the food web, rather than the incorporation of novel basal sources into the food
webs. These patterns are opposite of what was expected due to theoretical predictions from
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optimal foraging theory and empirical results from simple systems, which highlights the
importance of attempting to study these processes in complex systems. This study demonstrates
the importance of considering underlying environmental variability as it affects resource
availability (i.e., bottom-up processes) when evaluating the processes regulating the structure and
function of coral reef ecosystems. In a system assumed to be regulated by top-down processes
(i.e., predator abundance), I provide evidence that species across multiple trophic guilds alter
their diet composition and shift their ecological niches based purely on natural gradients in
oceanographic productivity. The information provided here establishes a baseline of values to
study future changes to these islands, as well as constructs a foundation for future research to be
built upon when conducting research in remote coral reef ecosystems.
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Table 1.1. Environmental variables characterizing the five Southern Line Islands. Islands are
arranged from least productive to most productive (i.e., south to north). For sea surface
temperature (SST) and Chl-a, the 12-year mean value is provided (±1 SE). Guano indicates if a
large level of guano is present at the island. Islands with an “N” in this category either did not
have significant guano deposits or were significantly mined last century.

Island
Flint
Vostok
Millennium
Starbuck
Malden

Latitude
-11.43
-10.10
-9.87
-5.64
-4.01

Longitude
-149.82
-152.38
-150.69
-155.88
-154.93

SST

28.7 (0.12)
28.77 (0.11)
28.6 (0.12)
28.3 (0.13)
27.9 (0.14)

Chl-a

0.089 (0.0065)
0.104 (0.0055)
0.116 (0.0051)
0.142 (0.0019)
0.144 (0.0013)

Island Type
Island
Island
Atoll
Island
Island

Guano
N
Y
N
N
N
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Table 1.2. Qualitative trends of niche width (Levin’s and Ellipse Area) and index of individual
specialization (Araújo’s E) as a function of increasing productivity. Green indicates an increase
in the metric with increasing productivity, while red indicates a decrease. Grey boxes show no
trend in either direction, and black boxes have no data.

Species
Trophic Level
P. arcatus
Carnivore
C. urodeta
Carnivore
L. bohar
Carnivore
P. bartlettorum
Planktivore
C. margaritifer
Planktivore
S. aureus
Herbivore
A. nigricans
Herbivore
C. marginatus
Herbivore
Percent of Species Showing Increase

Levin’s

Arajuo's E

Ellipse Area

14%

29%

50%

Stomachs
24
19
0
24
22
0
21
0

Species

Paracirrhites arcatus

Cephalopholis urodeta

Lujanus bohar

Pseudanthias bartlettorum

Chromis margaritifer

Stegastes aureus

Acanthurus nigricans

Ctenochaetus marginatus
0

25

0

23

25

24

25

Stable
Isotopes
25

Flint

24

25

14

24

22

0

11

27

Stomachs

25

25

25

25

24

25

25

Stable
Isotopes
25

Vostok

0

25

23

25

25

0

25

25

Stomachs

0

25

11

25

25

23

25

Stable
Isotopes
24

Millennium

24

24

26

16

23

0

12

31

Stomachs

25

25

25

25

25

25

25

Stable
Isotopes
24

Starbuck

25

25

25

19

25

0

18

27

Stomachs

24

24

23

23

25

24

25

Stable
Isotopes
24

Malden

Table 1.S1. Sample sizes for stomach content analysis and stable isotope analysis for each species. Numbers listed are the totals after
empty stomachs and stable isotope outliers (> 4 SD) were removed. Ctenochaetus marginatus was not found at Flint or Millennium,
and Stegastes aureus was not found on Flint. Lutjanus bohar individuals had many empty stomachs, thus stomach content analyses
were not performed on this species.
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Other

Fish

Mollusca
Parasites
Foraminifera

Unidentifiable
Fish Eggs

Stomatopoda
Isopoda
Amphipoda
Unidentifiable

Crustaceans
Decapoda

Benthic Foram

Gastropoda

Crab
Shrimp
Megalopae
Unidentifiable

Prey Group
80.77 (5.28)
52.08 (8.03)
28.25 (8.18)
5.54 (3.47)
15.03 (5.32)
3.26 (2.35)
4.17 (4.17)
0.00 (0.00)
0.64 (0.64)
23.88 (6.96)
19.03 (5.31)
19.03 (5.31)
0.00 (0.00)
0.21 (0.20)
0.20 (0.20)
0.01 (0.01)
0.00 (0.00)

Flint
77.85 (7.00)
58.88 (8.89)
26.59 (7.32)
0.00 (0.00)
25.00 (7.28)
7.28 (4.53)
3.33 (3.33)
0.00 (0.00)
0.00 (0.00)
15.65 (6.46)
21.98 (6.93)
18.83 (6.75)
3.15 (2.62)
0.17 (0.17)
0.00 (0.00)
0.00 (0.00)
0.17 (0.17)

Vostok
80.5 (7.32)
41.72 (9.73)
18.36 (7.62)
0.00 (0.00)
11.36 (6.30)
12.00 (6.63)
4.00 (4.00)
0.00 (0.00)
1.36 (0.94)
33.42 (8.77)
15.5 (6.53)
14.11 (6.59)
1.39 (0.96)
4.00 (4.00)
4.00 (4.00)
0.00 (0.00)
0.00 (0.00)

Millennium
90.71 (4.18)
47.59 (8.02)
33.96 (7.65)
1.20 (0.87)
9.20 (3.62)
3.23 (3.23)
0.00 (0.00)
0.23 (0.23)
0.00 (0.00)
42.89 (7.95)
9.29 (4.18)
9.29 (4.18)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

Starbuck

78.85 (6.00)
41.52 (8.41)
21.86 (6.74)
2.78 (2.49)
5.93 (4.00)
10.95 (6.08)
0.97 (0.97)
0.00 (0.00)
0.00 (0.00)
36.35 (8.43)
20.12 (6.05)
20.12 (6.05)
0.00 (0.00)
1.03 (1.03)
1.03 (1.03)
0.00 (0.00)
0.00 (0.00)

Malden

Table 1.S2. Mean percentages (± 1 SE) of prey groups by percent weight in the stomachs of Paracirrhites arcatus from the Southern
Line Islands. Islands listed from least productive to most productive.
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Flint

61.30 (11.11)
36.26 (11.20)
Crab
23.10 (9.58)
Shrimp
5.26 (5.26)
Megalopae
7.89 (5.75)
Unidentifiable 0.00 (0.00)
Unidentifiable
25.04 (11.12)
Fish
Unidentifiable
38.70 (11.12)
Other
0.00 (0.00)
Mollusca
Gastropoda
0.00 (0.00)
Algae
0.00 (0.00)
Unknown
0.00 (0.00)

Crustaceans
Decapoda

Prey Group
45.39 (15.73)
9.09 (9.09)
9.09 (9.09)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
36.30 (15.19)
45.41 (15.69)
9.19 (9.08)
9.09 (9.09)
0.10 (0.10)
0.00 (0.00)

Vostok
35.08 (9.35)
20.00 (8.16)
4.00 (4.00)
0.00 (0.00)
4.00 (4.00)
12.00 (6.63)
15.08 (6.78)
60.80 (9.56)
4.11 (4.00)
4.00 (4.00)
0.11 (0.11)
0.00 (0.00)

Millennium
48.94 (14.78)
32.42 (13.85)
16.67 (11.24)
15.75 (10.64)
0.00 (0.00)
0.00 (0.00)
16.52 (11.14)
50.91 (14.83)
0.15 (0.15)
0.00 (0.00)
0.15 (0.15)
0.00 (0.00)

Starbuck

62.05 (11.02)
37.16 (11.34)
15.95 (8.67)
15.66 (8.52)
0.00 (0.00)
5.56 (5.56)
24.88 (10.09)
32.40 (10.58)
5.56 (5.56)
0.00 (0.00)
0.00 (0.00)
5.56 (5.56)

Malden

Table 1.S3. Mean percentages (± 1 SE) of prey groups by percent weight in the stomachs of Cephalopholis urodeta from the Southern
Line Islands. Islands listed from least productive to most productive.
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Table 1.S4. Mean percentages (± 1 SE) of prey groups by percent abundance in the stomachs of
Pseudanthias bartlettorum from the Southern Line Islands. Islands listed from least productive
to most productive.
Prey Group
Copepoda
Harpacticoida
Calanoida
Candaciidae
Other
Poecilostomatoida
Oncaeidae
Corycaecidae
Cyclopoida
Sapphirinidae
Other
Unidentifiable
Egg Sacs
Other Crustaceans
Decapoda
Stomatopoda
Appendages
Mollusca
Gastropoda
Bivalvia
Larvaceans
Appendicularia
Salp
Foraminifera
Fish
Fish Egg
Fish Scale
Fish Spine
Other
Ostracod
Trichodesmium
unIDable Sphere
Phytoplankton cyst
Other
Unidentifiable

Flint
83.02 (1.75)
34.92 (1.58)
0.75 (0.18)
0.48 (0.14)
0.27 (0.11)
31.67 (1.94)
24.57 (1.18)
7.11 (1.01)
0.04 (0.04)
0.04 (0.04)
0.00 (0.00)
0.02 (0.02)
15.62 (1.23)
0.04 (0.04)
0.00 (0.00)
0.00 (0.00)
0.04 (0.04)
0.22 (0.11)
0.18 (0.11)
0.04 (0.04)
2.70 (0.35)
2.47 (0.34)
0.24 (0.09)
4.04 (0.94)
1.28 (0.71)
0.08 (0.08)
1.20 (0.71)
0.00 (0.00)
8.69 (1.59)
0.02 (0.02)
0.14 (0.07)
5.84 (1.42)
0.02 (0.02)
0.00 (0.00)
2.68 (0.38)

Vostok
71.08 (2.43)
10.77 (1.41)
7.61 (0.88)
4.92 (0.76)
2.69 (0.51)
38.70 (2.41)
18.70 (2.04)
20.00 (2.00)
1.20 (0.72)
1.20 (0.72)
0.00 (0.00)
0.73 (0.27)
12.08 (1.54)
0.13 (0.09)
0.00 (0.00)
0.00 (0.00)
0.13 (0.09)
2.30 (0.56)
1.82 (0.47)
0.48 (0.42)
4.28 (0.73)
4.06 (0.68)
0.22 (0.17)
3.55 (0.65)
4.91 (1.60)
0.51 (0.22)
4.41 (1.61)
0.00 (0.00)
13.75 (2.55)
0.33 (0.16)
0.22 (0.22)
8.38 (2.64)
0.00 (0.00)
0.00 (0.00)
4.82 (0.94)

Millennium
93.32 (1.33)
52.07 (5.60)
3.66 (1.09)
3.63 (1.09)
0.03 (0.03)
27.28 (4.15)
17.94 (2.08)
9.34 (2.29)
0.23 (0.12)
0.00 (0.00)
0.23 (0.12)
1.72 (0.52)
8.35 (1.02)
0.33 (0.17)
0.13 (0.09)
0.02 (0.02)
0.18 (0.12)
0.20 (0.13)
0.20 (0.13)
0.00 (0.00)
0.85 (0.22)
0.78 (0.20)
0.07 (0.04)
0.49 (0.20)
1.22 (0.27)
0.87 (0.22)
0.33 (0.14)
0.02 (0.02)
3.59 (1.23)
0.06 (0.04)
0.00 (0.00)
2.32 (0.85)
0.00 (0.00)
0.02 (0.02)
1.20 (0.46)

Starbuck
75.16 (3.77)
40.79 (3.87)
0.13 (0.07)
0.04 (0.04)
0.09 (0.06)
24.94 (2.77)
17.58 (2.23)
7.36 (1.25)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
9.31 (1.23)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
2.66 (0.88)
2.46 (0.86)
0.20 (0.09)
5.10 (1.07)
4.30 (0.72)
0.80 (0.67)
4.74 (1.08)
2.03 (0.69)
0.19 (0.15)
1.80 (0.69)
0.04 (0.04)
10.30 (1.80)
0.60 (0.26)
2.02 (0.88)
2.43 (0.54)
0.07 (0.07)
0.61 (0.31)
4.57 (1.27)

Malden
79.75 (3.96)
59.80 (4.53)
0.40 (0.21)
0.40 (0.21)
0.00 (0.00)
11.90 (2.11)
11.08 (2.06)
0.83 (0.25)
0.08 (0.08)
0.00 (0.00)
0.08 (0.08)
0.33 (1.02)
7.24 (1.03)
0.13 (0.13)
0.13 (0.13)
0.00 (0.00)
0.00 (0.00)
0.39 (0.17)
0.39 (0.17)
0.00 (0.00)
2.90 (1.35)
0.92 (0.31)
1.98 (1.09)
8.45 (1.83)
0.39 (0.17)
0.00 (0.00)
0.39 (0.17)
0.00 (0.00)
8.00 (1.84)
0.18 (0.13)
0.10 (0.07)
2.87 (0.61)
0.00 (0.00)
0.08 (0.05)
4.78 (1.37)

54

Table 1.S5. Mean percentages (± 1 SE) of prey groups by percent abundance in the stomachs of
Chromis margaritifer from the Southern Line Islands. Islands listed from least productive to
most productive.
Prey Group
Copepoda
Harpacticoida
Calanoida
Candaciidae
Other
Poecilostomatoida
Oncaeidae
Corycaecidae
Cyclopoida
Sapphirinidae
Other
Unidentifiable
Egg Sacs
Other Crustaceans
Decapoda
Appendages
Mollusca
Gastropoda
Bivalvia
Larvaceans
Appendicularia
Salp

Flint
84.53 (2.55)
11.34 (1.74)
1.77 (0.83)
1.29 (0.55)
0.48 (0.38)
62.45 (3.48)
52.94 (3.34)
9.50 (1.33)
0.03 (0.03)
0.03 (0.03)
0.00 (0.00)
0.22 (0.14)
8.73 (1.75)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.20 (0.13)
0.18 (0.13)
0.03 (0.03)
4.41 (0.90)
3.78 (0.89)
0.64 (0.44)

Vostok
81.67 (1.09)
23.77 (2.90)
8.39 (1.11)
2.73 (0.49)
5.66 (1.01)
44.37 (2.19)
29.82 (1.57)
14.55 (1.33)
0.17 (0.07)
0.17(0.07)
0.00 (0.00)
0.86 (0.25)
4.10 (0.50)
0.47 (0.40)
0.03 (0.03)
0.45 (0.40)
0.48 (0.16)
0.16 (0.07)
0.31 (0.14)
6.95 (0.73)
6.88 (0.73)
0.07 (0.04)

Millennium
80.01 (2.51)
32.76 (3.66)
4.17 (0.73)
3.90 (0.69)
0.27 (0.09)
34.75 (2.58)
25.36 (1.62)
9.39 (1.39)
0.17 (0.08)
0.09 (0.04)
0.09 (0.07)
0.28 (0.13)
7.87 (0.78)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
1.02 (0.38)
0.43 (0.18)
0.59 (0.33)
5.88 (0.96)
5.55 (0.94)
0.33 (0.10)

Starbuck
66.31 (4.17)
15.93 (2.60)
5.78 (1.76)
1.48 (0.55)
4.30 (1.44)
41.94 (2.85)
35.61 (2.30)
6.33 (0.97)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.29 (0.21)
2.37 (0.67)
3.24 (1.51)
2.11 (1.20)
1.13 (0.61)
2.53 (0.97)
2.53 (0.97)
0.00 (0.00)
11.96 (2.51)
5.44 (1.12)
6.51 (2.51)

Malden
58.42 (5.06)
36.00 (4.84)
0.59 (0.25)
0.43 (0.20)
0.17 (0.08)
13.23 (3.28)
10.69 (3.12)
2.54 (0.56)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.65 (.034)
7.94 (1.77)
0.32 (0.23)
0.11 (0.11)
0.20 (0.20)
0.19 (0.11)
0.17 (0.10)
0.02 (0.02)
22.80 (4.54)
3.19 (0.63)
19.62 (4.52)

Foraminifera
Fish
Fish Egg
Fish Scale
Fish Spine
Other
Ostracod
Trichodesmium
unIDable Sphere
Phytoplankton cyst
Fat globule
Benthic algae
Other
Unidentifiable

4.72 (1.11)
0.54 (0.35)
0.50 (0.35)
0.00 (0.00)
0.04 (0.04)
5.59 (1.64)
0.83 (0.83)
0.23 (0.16)
2.61 (1.27)
0.47 (0.38)
0.00 (0.00)
0.24 (0.22)
0.00 (0.00)
1.22 (0.28)

4.66 (0.96)
0.81 (0.33)
0.26 (0.11)
0.56 (0.31)
0.00 (0.00)
4.96 (0.76)
0.01 (0.01)
0.00 (0.00)
3.25 (0.74)
0.18 (0.08)
0.00 (0.00)
0.00 (0.00)
0.03 (0.02)
1.49 (0.41)

6.48 (0.96)
2.55 (1.92)
1.98 (1.91)
0.15 (0.11)
0.42 (0.35)
4.05 (0.79)
0.00 (0.00)
0.07 (0.07)
1.71 (0.49)
0.03 (0.03)
0.00 (0.00)
0.26 (0.15)
0.10 (0.08)
1.89 (0.31)

4.09 (1.01)
2.88 (0.84)
0.34 (0.27)
2.54 (0.86)
0.00 (0.00)
8.99 (1.90)
0.28 (0.28)
1.14 (0.54)
0.56 (0.42)
0.19 (0.19)
0.00 (0.00)
0.00 (0.00)
0.46 (0.35)
6.36 (2.17)

10.44 (2.12)
2.52 (1.21)
2.14 (1.22)
0.11 (0.08)
0.27 (0.27)
5.31 (1.21)
0.00 (0.00)
0.04 (0.04)
0.68 (0.36)
0.00 (0.00)
1.35 (1.02)
0.27 (0.16)
0.04 (0.04)
2.92 (0.77)

Calcified Algae
Jointed Calcareous
Calcified Crust

30.73 (1.95)
0.11 (0.11)
42.96 (2.35)

Detritus
Fish Scale

Sand

73.80 (2.66)

0.50 (0.27)
0.50 (0.27)
0.00 (0.00)

Late Algae
Foliose
Complex Cylinder
Coenocytic

Other

6.57 (1.40)
0.77 90.37)
3.00 (0.76)
2.80 (0.83)

Early Algae
Filamentous
Cyanobacteria
Net-Like
Fleshy Encrusting
Diatom

11.02 (3.49)
6.71 (3.65)
4.30 (0.94)

15.18 (2.61)
8.11 (1.35)
7.00 (1.18)
1.11 (0.36)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

Algae

Invertebrates
Invertebrate
Foraminifera

Vostok

Prey Group

51.15 (1.55)

29.24 (1.02)
0.05 (0.04)

80.44 (1.28)

12.43 (1.21)
8.59 (1.20)
3.83 (0.49)

0.12 (0.05)
0.08 (0.04)
0.04 (0.04)

2.05 (0.40)
0.16 (0.10)
0.96 (0.20)
0.93 (0.29)

7.13 (0.65)
4.96 (0.35)
3.99 (0.25)
0.97 (0.19)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

Millennium

32.81 (2.20)

33.92 (1.63)
0.16 (0.12)

66.89 (2.37)

18.71 (1.69)
18.18 (1.67)
0.53 (0.12)

0.18 (0.08)
0.08 (0.04)
0.11 (0.08)

5.73 (1.20)
0.16 (0.07)
3.32 (1.00)
2.25 (0.46)

14.39 (1.55)
8.48 (0.86)
6.61 (0.79)
1.88 (0.33)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

Starbuck

33.40 (2.53)

40.16 (2.21)
0.11 (0.08)

73.67 (1.72)

7.73 (1.16)
7.25 (1.11)
0.48 (0.11)

0.73 (0.27)
0.32 (0.14)
0.41 (0.22)

6.72 (1.06)
1.23 (0.36)
1.25 (0.26)
4.24 (0.90)

18.6 (1.44)
11.15 (0.83)
10.02 (0.83)
1.12 (0.28)
0.00 (0.00)
0.01 (0.01)
0.00 (0.00)

Malden

Table 1.S6. Mean percentages (± 1 SE) of prey groups by estimating percent area in the stomachs of Acanthurus nigricans from the
Southern Line Islands. Islands listed from least productive to most productive.
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Sand

42.60 (1.50)

7.34 (0.73)
4.75 (0.37)
4.42 (0.35)
0.33 (0.08)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
1.90 (0.39)
0.96 (0.29)
0.82 (0.17)
0.11 (0.07)
0.70 (0.19)
0.70 (0.19)
0.00 (0.00)
9.27 (1.21)
1.19 (0.14)
8.08 (1.21)
83.39 (1.34)
39.93 (1.19)
0.85 (0.67)

Algae

Early Algae
Filamentous
Cyanobacteria
Net-Like
Fleshy Encrusting
Diatom
Late Algae
Foliose
Complex Cylinder
Coenocytic
Calcified Algae
Jointed Calcareous
Calcified Crust
Invertebrates
Invertebrate
Foraminifera
Other
Detritus
Fish Scale

Vostok

Prey Group

40.29 (1.55)

9.47 (0.82)
7.24 (0.51)
6.19 (0.44)
1.05 (0.18)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
2.08 (0.51)
0.17 (0.17)
1.90 (0.40)
0.02 (0.01)
0.15 (0.04)
0.15 (0.04)
0.00 (0.00)
3.90 (0.34)
2.63 (0.30)
1.27 (0.13)
86.64 (1.05)
46.17 (1.16)
0.18 (0.09)

Starbuck

39.80 (2.89)

7.23 (0.99)
5.60 (0.75)
4.63 (0.66)
0.97 (0.24)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
1.47 (0.46)
1.07 (0.37)
0.40 (0.15)
0.00 (0.00)
0.16 (0.07)
0.15 (0.07)
0.01 (0.01)
1.77 (0.23)
1.19 (0.17)
0.58 (0.17)
91.00 (1.03)
47.02 (1.81)
4.18 (1.98)

Malden

Table 1.S7. Mean percentages (± 1 SE) of prey groups by estimating percent area in the stomachs of Ctenochaetus marginatus from
the Southern Line Islands. Islands listed from least productive to most productive. This species was not found at Flint or Millennium,
so these islands are excluded.
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Flint
61.82 (2.08)
21.74 (1.32)
20.42 (1.37)
0.92 (0.15)
0.00 (0.00)
0.40 (0.18)
0.00 (0.00)
38.71 (1.77)
19.19 (1.50)
18.48 (1.50)
1.05 (0.29)
1.37 (0.29)
0.30 (0.13)
1.07 (0.20)
9.77 (0.81)
4.89 (0.83)
4.88 (0.57)
28.40 (1.47)
20.77 (1.10)
0.23 (0.11)
7.40 (0.66)

Prey Group

Algae
Early Algae
Filamentous
Cyanobacteria
Net-Like
Fleshy Encrusting
Diatom
Late Algae
Foliose
Complex Cylinder
Coenocytic
Calcified Algae
Jointed Calcareous
Calcified Crust
Invertebrates
Invertebrate
Foraminifera
Other
Detritus
Fish Scale
Sand
72.09 (1.61)
21.55 (2.22)
14.56 (1.67)
6.86 (1.92)
0.11 (0.11)
0.02 (0.02)
0.00 (0.00)
47.82 (2.62)
22.34 (2.34)
13.12 (1.66)
12.36 (1.54)
2.72 (0.80)
2.70 (0.78)
0.02 (0.02)
4.46 (0.64)
1.70 (0.39)
2.76 (0.54)
23.45 (1.47)
17.66 (1.32)
0.04 (0.03)
5.75 (0.59)

Vostok
62.08 (1.61)
9.45 (0.76)
4.57 (0.58)
4.83 (0.61)
0.00 (0.00)
0.05 (0.04)
0.00 (0.00)
44.89 (1.45)
18.33 (1.40)
18.28 (1.47)
8.28 (0.90)
7.74 (1.91)
5.15 (1.58)
2.59 (1.09)
8.41 (0.83)
6.88 (0.86)
1.53 (0.33)
29.51 (1.52)
22.92 (0.93)
1.39 (0.67)
5.20 (0.57)

Millennium
69.69 (3.03)
37.18 (3.90)
31.4 (4.17)
3.60 (0.65)
0.03 (0.03)
0.00 (0.00)
2.15 (2.02)
31.84 (2.91)
6.82 (1.54)
19.86 (2.27)
5.16 (0.34)
0.67 0.34)
0.67 (0.34)
0.00 (0.00)
6.45 (1.46)
6.30 (1.45)
0.15 (0.06)
23.86 (2.49)
19.34 (2.31)
0.28 (0.22)
4.24 (0.64)

Starbuck

66.89 (2.91)
23.27 (1.66)
14.77 (1.52)
8.43 (1.10)
0.06 (0.06)
0.01 (0.01)
0.00 (0.00)
41.37 (3.10)
17.61 (1.82)
17.03 (3.49)
6.73 (0.85)
2.25 (0.49)
1.80 (0.44)
0.45 (0.29)
3.25 (1.21)
2.75 (1.01)
0.50 (0.22)
29.86 (2.50)
17.48 (1.50)
1.22 (0.45)
11.16 (1.73)

Malden

Table 1.S8. Mean percentages (± 1 SE) of prey groups by estimating percent area in the stomachs of Stegastes aureus from the
Southern Line Islands. Islands listed from least productive to most productive. This species was not found at Flint, so it was excluded
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Figure 1.1. Map of the five Southern Line Islands on top of the underlying variation in primary
productivity, using Chl-a as a proxy. Chl-a values were calculated using remote sensing data
and analyzed following methods in Gove et al. (2013). Figure and data reproduced with
permission from Fox et al. (In Review).
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Figure 1.2. Spatial variation of diet composition determined from stomach contents across the
five Southern Line Islands. of seven coral reef fishes in this study. The diet composition was
determined by weight in the carnivore species (a,b), abundance in the planktivore species (c,d),
and percent area in the herbivore species(e-g). See Tables S2-S8 for a more detailed tabular
representation of these data.
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Figure 1.3. Principal components analysis of the stomach content items for each of the seven
species of coral reef fishes. Points indicate the average principal component (PC) scores, and the
error bars represent ± 1 SE. Arrows indicate the eigenvector scores for each prey item, and those
dietary variables with loading scores greater than ± 0.25 on either PC1 or PC2 were labeled.
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Figure 1.4. Spatial variation of the standardized Levin’s Measure of Niche Breadth calculated
for seven of the species in this study at the five Southern Line Islands. Note that the y-axis scale
changes depending on the trophic group.
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Figure 1.5. Spatial variation of Araújo’s E index of individual specialization calculated for seven
of the species in this study at the five Southern Line Islands. Error bars represent the square root
of jackknife-estimated variance for these values of E at each island. Note that the y-axis scale
changes depending on the trophic group.
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Figure 1.6. Stable isotope biplots (δ13C - δ15N) of all eight species in this study. Every point is
an individual’s signature in bivariate isotopic space, and they are colored by island. The colored
ellipses show the population’s standard ellipse, a bivariate representation of standard deviation,
while the dotted lines demonstrate the population’s convex hull. Note that every panel has its
own scale to better demonstrate variation of ellipse size and shape among populations within
each species.
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Figure 1.7. Graphical representation of the posterior distributions generated from the SIBER
Bayesian model of isotopic standard ellipse area. Points indicate the mode of the posterior
distribution from each island, while error bars represent 95% Bayesian credible intervals. Letters
above each point indicate statistical relatedness, determined by overlap of these credible
intervals. Note that every panel has its own scale to better demonstrate variation of ellipse area
among populations of each species.
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(a)

(b)

Figure 1.8. Isotope ranges along the (a) δ15N and (b) δ13C axes were standardized to Z-scores for
each fish species-island combination, and the average at each island was calculated (n = 6-8
species depending on island). Standard error bars are plotted, and islands are arranged from least
productive to most productive.
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Figure 1.9. Stable isotope biplots (δ13C - δ15N) for eight species of coral reef fishes and four
examples of basal food sources (macroalgae, zooplankton, and POM collected on- and off-shore)
plotted for each of the five Southern Line Islands. All values are the mean, and the error bars
represent ± 1 standard deviation.
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a)

b)

c)

d)

e)

Figure 1.10. Analysis of community-level isotopic metrics for each of the five Southern Line
Islands, using only the six fish species found at every island. (a) Community-level stable isotope
(δ13C - δ15N) convex hulls at each island. Each point represents the average bivariate stable
isotope value for a species, and a convex hull is drawn around the outer-most species as a visual
representation of the spread of species within a community. (b-e) Graphical representation of
the posterior distributions generated from a Bayesian model of the (b) convex hull area, (c) mean
distance to centroid, (d) δ13C range, and (e) δ15N range calculated from the community hull.
Points indicate the mode of the posterior distribution, while error bars represent 95% Bayesian
credible intervals. Letters above each point indicate statistical relatedness, determined by
overlap of these credible intervals.
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Chapter 2
Resource utilization of coral reef fish communities spanning a
productivity gradient in the remote central Pacific
ABSTRACT
Coral reefs are among the most productive and diverse ecosystems in the world, yet they
exist in some of the most nutrient-poor areas of the oceans. Ecologists have long sought to
understand this apparent paradox, leading to the consideration of multiple hypotheses, including
efficient recycling of organic material and high utilization of allochthonous resources. Recent
advances address these hypotheses by studying the flow of organic matter through coral reefs
from basal sources to consumer endmembers, and these studies demonstrate that different trophic
pathways exist in coral reefs. However, the degree of mixing among these pathways and how
they are modified by oceanography and anthropogenic impacts remains unclear. In this study, I
used stable isotopes collected from muscle tissue of eight common coral reef fish species,
spanning multiple trophic guilds, to investigate patterns of trophic connectivity. These fishes
were collected from the Line Islands, a chain of eleven islands that span gradients of
oceanographic productivity and localized anthropogenic impacts. All eight species exhibited a
depletion in δ15N with increasing productivity, consistent with the oceanographic variability in

the baseline δ15N values of phytoplankton across the central Pacific. The planktivores and

carnivores also displayed patterns of depletion in δ13C with increasing productivity, consistent
with increasing utilization of offshore production at the more productive islands. I found

evidence that the carnivores had a closer trophic association with the planktivores, and no strong
trophic association with the herbivores, across all islands, regardless of productivity or human
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impacts. This suggests that the planktivores contribute a disproportionate amount to the
secondary productivity of the carnivore guild. Operating concurrently to this, I found evidence
that the planktivores feed more on smaller particulate organic matter at productive islands and
more on zooplankton at oligotrophic islands, and that this change in isotopic signature is
reflected in the carnivores, but not the herbivores. Taken together, these results indicate that
planktivores and carnivores operate within the same trophic pathway originating from offshore,
pelagic production, while the herbivores utilize a different energetic pathway that is benthic in
origin and that does not contribute significantly to larger predators. Calculations of the trophic
level of each fish species was inconsistent with their natural history, until corrections were
applied for baseline isotopic shifts (macroalgae was enriched by ~4.12 ‰ relative to POM) and
the utilization of different energetic pathways. These data provide insight into the maintenance
of inverted trophic biomass pyramids on coral reefs through the provisioning of offshore
planktonic resource subsidies, and highlight the importance of considering spatial shifts in
isotopic baselines when interpreting results from stable isotope analyses.
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INTRODUCTION
Coral reefs are among the most diverse and productive marine ecosystems. Despite this
high level of productivity and diversity, coral reefs are often situated in oligotrophic, or nutrientpoor waters, an observation that runs counter to most other systems worldwide. Typically,
oligotrophic areas are characterized by low productivity and diversity, often attributed to
limitations of energy or constraining nutrients in the system (Wright 1983). Therefore, coral
reefs represent hotspots of biodiversity in stark contrast to the oceanic barrens in which they
reside, and ecologists since Darwin have sought to address this apparent paradox (Darwin 1842;
Webb et al. 1975; Hallock & Schlager 1986). Multiple hypotheses have been proposed to
explain this disparity, ranging from multiple mechanisms for recycling nutrients on coral reefs
(Odum 1969; Webb et al. 1973; de Goeij et al. 2013), to efficient capture and utilization of
allochthonous planktonic inputs onto reefs (Emery 1973; Hamner et al. 1988; Wyatt et al. 2010;
Hanson et al. 2016). Previous work has sought to distinguish among these various hypotheses by
constructing food webs that can explain how these different mechanisms factor into the overall
function and structure of coral reefs; however, conducting dietary studies to unravel predatorprey relationships of all species within a reef is difficult due to high species diversity (Carassou
et al. 2008). Therefore, recent efforts have sought to reduce this complexity by focusing on the
contribution of basal food sources to different consumer end-members within these ecosystems,
often by employing techniques such as stable isotope analysis (Letourneur et al. 2013; McMahon
et al. 2016). Although stable isotopes do not capture the nuances of species interactions within
complex ecosystems, they do allow an examination on the flow of organic matter through the
system.
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Associated with this ecological dilemma, nutrients originate from multiple basal resource
pools on corals reefs, including autochthonous (i.e., local) pools such as algae, detritus, corals,
and the spawn of these organisms, and allochthonous (i.e., produced outside the system) pools
such as phytoplankton. These trophic pathways have commonly been thought to become mixed
as they flow through the system, with higher trophic level consumers coupling energy from
multiple basal sources (Vander Zanden & Vadeboncoeur 2002; Rooney & McCann 2012;
Wolkovich et al. 2014). Empirical and modeling advances suggest that in complex systems,
such as coral reefs, omnivorous feeding strategies become more prevalent, and explicit
distinctions between trophic groups become less clear (Layman et al. 2005). Alternatively,
mobile consumers can act as conduits to transfer organic matter among different habitats that
operate as otherwise closed trophic systems, such as reef fishes foraging in both seagrass and
coral reef habitats (Clark et al. 2009; McCauley et al. 2012), or by organisms capturing offshore
production through planktivory which is then liberated on nearshore coral reefs (Hamner et al.
1988; Hanson et al. 2016). This complexity has been associated with increased stability of coral
reef food webs (Rooney & McCann 2012). Recent work has hypothesized that different trophic
pathways yield asynchronous levels of production through the food web, and these have been
termed “fast” and “slow” channels, based on the degree of interaction strength among species
within the pathway (Rooney et al. 2006). Trophic pathways comprised of strongly-interacting
species are considered “fast”, because they are characterized by quick turnover and higher
productivity relative to standing biomass, while “slow” pathways are comprised of weaklyinteracting species that transfer energy less efficiently (Rooney et al. 2006; Rooney & McCann
2012). In marine systems that were analyzed for the existence of these asymmetric channels, the
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pelagic trophic pathway was found to be the “fast” channel, while the channel originating from
benthic production was found to be “slow” (Rooney et al. 2006).
Other recent studies have found that the reliance of consumers on different basal
resources (e.g., onshore vs. offshore production) varies spatially and by species (Wyatt et al.
2012; Letourneur et al. 2013; McMahon et al. 2016). Certain specialist species (e.g.,
corallivores, planktivores, and herbivores) exhibited a tight trophic association with their
respective basal source, however larger consumers shift their reliance on different basal sources
over 10s of kilometers, based on the availability of organic matter of different origins at these
different reefs (McMahon et al. 2016). Within a reef, consumers on the reef slope and flat
exhibited increased reliance on offshore production compared to individuals collected from the
back reef (Wyatt et al. 2012). These studies demonstrate that a resource pool’s availability is an
important factor in its incorporation into the biomass of nearby ecosystems. Studies in other
tropical systems have found that anthropogenic impacts, such as the harvesting of top predators,
can alter coral reef communities (DeMartini et al. 2008; Sandin et al. 2008) and trophic
complexity (Layman et al. 2007), thus trophic pathways and ecological structure can be
influenced by both resource availability and anthropogenic impacts.
The Line Islands in the central Pacific provide an excellent opportunity to investigate the
relative influence of anthropogenic and natural factors on the structuring of these complex
ecosystems. This chain of eleven islands crosses the equator in the central Pacific and can be
separated into two subgroups: the Northern and the Southern Line Islands. The Northern Line
islands includes reefs that range from remote and uninhabited, to those with human populations
that use the surrounding reefs for subsistence fishing, whereas the Southern Line Islands are all
uninhabited. Anthropogenic impacts in the Northern Line Islands have been shown to alter coral
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reef community structure (Sandin et al. 2008; DeMartini et al. 2008; Dinsdale et al. 2008; Wood
et al. 2014), and the life history traits (Ruttenberg et al. 2011; Walsh et al. 2011) and behavior
(Madin et al. 2010) of fish populations on inhabited relative to uninhabited islands. Underlying
this gradient of human exploitation, the entire Line Islands chain spans a strong oceanographic
gradient, with islands closer to the equator resting in an area of increased upwelling and nutrient
concentrations due to interactions with the westward-flowing Equatorial Undercurrent (EUC)
(Gove et al. 2006; Maragos et al. 2008). This increased offshore production likely increases the
availability of allochthonous resources for nearby reefs, thus the islands resting within the path
of the EUC are predicted to have a greater reliance on offshore versus onshore production (Wyatt
et al. 2012; McMahon et al. 2016). A solid baseline of research exists on the trophic ecology of
fishes from the Northern (Cordner 2013) and Southern (Chapter 1, this volume) Line Islands.
Additionally, Zglicyznski (2015) found evidence of the maintenance of distinct trophic pathways
in the Northern Line Islands fish community (called “trophic channeling”), with the top
consumers representing a stronger trophic association with the planktivores compared to the
herbivores. By examining patterns across the entirety of the island chain, this region represents
an area ripe for additional study on the trophic connections and energetic pathways within fish
communities.
The current study in the Line Islands provides an unprecedented look at trophic
connections among common coral reef fishes across gradients of human exploitation and natural
oceanographic variability in primary productivity. In this study, I sought to address the
hypotheses that variable trophic channels exist in coral reef fish communities and that coral reef
fish communities increase their reliance on offshore production as oceanic productivity
increases. I examined patterns of isotopic variability of eight of the most abundant coral reef fish
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species across all eleven islands in the region, asking how patterns of isotopic nitrogen (δ15N)
and isotopic carbon (δ13C) varied across the islands in response to the underlying oceanographic
gradient in primary productivity for each species, and the consistency of these patterns across all
species based on trophic group. I hypothesized that the consumer δ15N signatures would be most
influenced by prevailing oceanographic patterns present in the region, with consistent depletion
across the island chain as a function of productivity, tracing baseline shifts in the isotopic
signature of basal resources. I also predicted that δ13C would become depleted as a function of
productivity in the carnivores, driven by an increased reliance on pelagic sources of carbon at
reefs with greater availability of pelagic production. Additionally, I predicted that carnivores
would consistently be enriched in δ15N relative to the planktivores, but the herbivores would

track a different pattern across the islands, consistent with the “trophic channeling” hypothesis.
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METHODS
Study Site
The Line Islands are a chain of eleven islands that cross the equator in the Central
Pacific, extending roughly 2300 km from 6.38°N to -11.43°S (Fig. 2.1; Table 2.1). This island
chain spans gradients of human exploitation and oceanographic productivity, providing a unique
system to examine how environmental and anthropogenic factors affect the trophic ecology of
these reefs. Seven of the Line Islands are uninhabited and experience low to non-existent levels
of human exploitation, whereas the other four islands range from small human populations
focused on research and conservation (Palmyra) to larger communities that utilize the
surrounding waters for subsistence fishing (Teraina, Tabuaeran, and Kiritmati) (Table 1). The
uninhabited islands support near-pristine reefs, with high coral cover and predatory fish biomass,
and the inhabited islands represent more degraded systems, lower in coral cover, higher in algal
cover, and with fish communities characterized by high abundance of smaller, lower trophic
level species (Sandin et al. 2008; DeMartini et al. 2008; Zgliczynski 2015).
In addition to the exploitation gradient present across these islands, all eleven islands
span a strong oceanographic productivity gradient. Islands nearest to the equator are
characterized by lower sea surface temperatures (SST) and higher nutrient concentrations,
reflected in the degree of primary productivity (using Chl-a as a proxy). Jarvis, Kiritimati, and
Tabuaeran in the Northern Line Islands and Malden and Starbuck in the Southern Line Islands
are geographically located within an upwelling zone that is strongest along the equator (Fig. 2.1;
Table 1). These islands interrupt the flow of the Equatorial Undercurrent (EUC) and force its
cool, nutrient-rich waters vertically onto the western side of these islands (Gove et al. 2006),
whereas the other seven islands are geographically located further outside of this zone and are
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affected less by this nutrient input. When both gradients are considered, there are islands
spanning the entirety of this environmental and anthropogenic continuum; there are oligotrophic
and uninhabited islands (Kingman, Millennium, Vostok, and Flint), oligotrophic and inhabited
(Teraina and Palmyra), productive and uninhabited (Starbuck, Malden, and Jarvis), and
productive and inhabited (Kiritimati and Tabuaeran).
Fish Collections
During a series of research cruises to the Line Islands, eight species of fish representing
three trophic guilds (herbivores, planktivores, and carnivores) were collected from the fore reef
at depths of 5-15 m during daylight hours using spear, hook-and-line, and hand nets. The fishes
from the six Northern Line Islands were collected from 2005-2011, with the majority coming
from a 5-week cruise that took place in October and November 2010, whereas all the fishes from
the Southern Line Islands were collected during a research cruise in October and November
2013. These species were selected due to their regional abundance from past visual surveys
(Sandin et al. 2008; Zgliczynski 2015). Three species were collected to represent the herbivore
guild. The whitecheek surgeonfish (Acanthurus nigricans) is a roving herbivore that
predominantly consumes benthic algae. The striped-fin surgeonfish (Ctenochaetus marginatus)
is a roving detritivore. The golden gregory (Stegastes aureus) is a small, territorial damselfish.
Two species were collected to represent the planktivore guild; the bicolor chromis (Chromis
margaritifer) and Bartlett’s anthias (Pseudanthias bartlettorum) are both shoaling planktivores.
Three species were collected to represent the carnivore guild. The two-spot red snapper
(Lutjanus bohar) is a generalist top predator that feeds on invertebrates and fishes. The dark-fin
hind (Cephalopholis urodeta) is a benthic mid-level predator that feeds on fishes and benthic
invertebrates. The arc-eye hawkfish (Paracirrhites arcatus) is a coral-associated carnivore that
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feeds primarily on benthic crustaceans and small fishes. Approximately 50 individuals across a
range of body sizes were collected from each species at each island, reflecting local size
distributions. Fish were frozen and brought back to the Scripps Institution of Oceanography
coral reef ecology lab and the Moss Landing Marine Laboratories ichthyology lab for
morphological measurements and dissected to remove dorsal muscle tissue which was frozen
until prepared for stable isotope analysis. In addition to collecting the study fishes,
representative samples of potential prey items and basal resources (zooplankton, particulate
organic matter, and benthic macroalgae) were collected when possible to be used for stable
isotope analyses.
Stable Isotope Analysis
Stable isotope analysis is a common tool to investigate trophic relationships, and it
provides an integrated perspective on trophic ecology over the span of weeks to months,
depending on tissue turnover. Stable isotopes can provide an estimate of trophic position and
sources of dietary carbon, using the ratio of isotopic nitrogen (δ15N) and isotopic carbon (δ13C)
relative to an international standard. The ratio of 15N to 14N increases in animal tissue as the
trophic level increases through the process of biomagnification (Fry 2006), typically in the range
of 3-4 ‰ (Post 2002). The ratio of 13C to 12C does not increase much between trophic levels
(~0.5 ‰), but instead varies most dramatically depending on the source of primary production
contributing to the diet, as different primary producers utilize distinct photosynthetic pathways
(e.g., macroalgae vs. phytoplankton) (Fry 2006).
The ratios of isotopic nitrogen and isotopic carbon were calculated from dorsal muscle
tissue, because of its low turnover rate (time-based half-life in wild fish: δ13C = 49 days; δ15N =
107 days) compared to liver and blood (Buchheister & Latour 2010), thereby providing a long-
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term integration of isotopic assimilation. Muscle from approximately 25 individuals of each
species-island combination in the Southern Line Islands were processed, while most of the
species from the Northern Line Islands were represented by 10 individuals (Table 2). The
individuals closest to the regional mean standard length of that species across all islands were
selected to limit any influences of ontogenetic dietary shifts on the spatial patterns observed
across the islands. Frozen tissue samples were sent to the Boston University Stable Isotope
Laboratory for analysis following standard protocols. This lab utilizes a Finnigan Delta-S and
two GV Instruments IsoPrime isotope ratio mass spectrometers to calculate δ13C and δ15N

relative to an international standard (Vienna Pee Dee Belemnite and atmospheric nitrogen,
respectively). To ensure accuracy in the samples, a known standard (peptone or glycine), was
run every 15 consecutive samples. If the known standard differed by more than 0.15‰ from the
expected value, the samples preceding the standard were rerun. Upon receiving the results, any
individual with an isotopic signature >4 standard deviations away from the mean of that
population along either the δ13C or δ 15N axis was discarded as an outlier for future data analysis.
In addition to running samples on the focal species, putative prey items were collected and
analyzed separately.

Zooplankton and Particulate Organic Matter
In the Southern Line Islands, zooplankton and particulate organic matter (POM) were
collected in the field, but at the Northern Line Islands, these items were not collected.
Zooplankton samples were collected from near the reef using a plankton pump, run through 133
μm mesh, and frozen at -20°C. At the lab, samples were thawed and backwashed using filtered
seawater. The suspension was homogenized with a tissue homogenizer and filtered onto pre-
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weighed, pre-combusted 47 mm GF/F filters, which were then rinsed with DI to remove salt.
Samples were then acidified with 1M HCl to remove inorganic carbon and dried at 60°C for 2448 hours. To account for variability within the zooplankton assemblage, each dried filter was
punched twice, and the average of the two readings was used to determine the isotopic signature
of each sample. Particulate organic matter (POM), as a proxy for phytoplankton signatures, was
collected at 10 m depth in a 2 L niskin bottle. Each niskin bottle was filtered onto a precombusted 25 mm GF/F filter and frozen at -20°C. At the lab, samples were thawed, rinsed with
DI water to remove salt, and acidified with 1M HCl to remove inorganic carbon. Filters were
dried overnight at 60°C, and the central portion of each sample was utilized for stable isotope
analysis. Although in situ samples of zooplankton and POM were not collected from the
Northern Line Islands, POM values were estimated from previous studies in the central Pacific
(Altabet 2001; Zgliczynski 2015).

Benthic Algae
At the Northern Line Islands, Halimeda spp. were collected at each island, whereas at the
Southern Line Islands, the most abundant alga at each island (Flint - Halimeda tuna; Vostok –
Avrainvillea sp.; Millennium – H. opuntia; Starbuck – H. micronesica; Malden – Dictyota sp.)
was collected. A total of 20 individuals of Halimeda spp. were collected at each of the Northern
Line Islands near the fish sampling sites. In the Southern Line Islands, samples of the dominant
algae were collected at every 5 m from 5-30 m depth, and when possible, 5 replicate samples
were collected at each depth. The samples were rinsed with fresh water, wrapped in precombusted aluminum foil, and frozen at -20°C. Samples were brought back to the lab for
processing where they were thawed and Halimeda spp. were decalcified in 5% HCl to remove
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potential contamination by inorganic carbonates. Decalcified samples were rinsed with DI water
and dried at 60°C for 48-72 hours, when they were then homogenized using a tissue grinder. 1.5
mg of biomass was weighed out and utilized for stable isotope analysis.

Data Analysis
Environmental Data
To quantify the degree of environmental variability among islands, environmental factors
were characterized at the scale of each island using methodology proposed by Gove et al. (2013).
Raw data were obtained from publicly accessible remote sensing data provided by NOAA’s
Pathfinder v5.0 (SST) and NASA’s Moderate Resolution Imaging Spectroradiometer (Chl-a).
Yearly averages from 2004-2015 of both variables were calculated at each island, and these were
averaged together to generate a 12-year average of SST and Chl-a at all the study islands.

Regional Patterns in Mean Isotopic Signatures Across Taxa
To test whether fish species tracked consistent patterns in isotopic signatures across the
island chain, isotopic bi-plots (δ13C - δ15N) were generated, showing the mean isotopic signature
of each species at every island. To isolate the effect of primary productivity on the signature of
each isotope, these biplots were then deconstructed and δ13C and δ15N were considered
separately. For every species, δ13C and δ15N were plotted separately against the 12-year mean
Chl-a values at each island, and linear regressions were performed using both isotopes for each
species. Visual inspection of these plots revealed that certain species exhibited similar patterns
in regard to the spacing of each island relative to the trendline, so for each trophic group of
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fishes, the residuals were averaged together at each island (n = 2-3 species per island) and
subsequently plotted for each trophic group.
To test whether basal resources followed a similar pattern as the fish, the same
calculations were done for the three lower trophic-level resources measured in this study:
particulate organic matter (POM), zooplankton, and benthic algae. Samples for these were either
collected in situ or estimated from previous literature (Altabet 2001; Max et al. 2013). However,
due to the absence of δ13C data for the POM in Altabet (2001), only patterns of δ15N signatures
were plotted and regressions calculated.

Patterns of Trophic Connections Among Taxa
To visualize potential trophic connections among putative consumers and their prey,
pairwise vector plots were constructed for every consumer-prey combination in the dataset.
Each panel displays the isotopic signature of a potential prey item and a predator at every island.
A vector was drawn from the prey value to the putative predator value to visualize potential
trophic links at each island. Predators are enriched relative to prey in δ15N, typically on the order
of 2.5-4‰, with a mean of 3.4‰ (Post 2002), so any predator-prey combination that exhibits
consistent patterns of a positive slope from prey to predator indicates evidence of a trophic
connection between these species, whereas those that exhibit a negative slope or a slope of zero
are unlikely to significantly contribute to the predator’s diet. To complement the visuals from
the vector plot, the average difference in δ15N from predator to potential prey was calculated for
each predator-prey combination. In addition to constructing these plots for the carnivores and
the five planktivores and herbivores at all the islands, I created similar plots with the planktivores
as predators and on- and offshore POM and zooplankton as their potential prey, to assess the
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magnitude of trophic fractionation and contribution of each planktonic prey category to the
planktivorous fish diets. These prey groups were only collected in situ at the Southern Line
Islands, so the data were only plotted for those islands. Due to the collection of different
macroalgal species across the islands, these vector plots were not created with herbivores and
macroalgae. To examine trophic fractionation from algal resources to putative herbivore
consumers, island-specific δ15N enrichment from algae to herbivores was determined, and the
average value for all islands within a species was calculated.
Trophic Level Calculations
To assess whether the δ15N values were accurate indicators of trophic level for the study
species, the average trophic position (TP) was calculated for each fish species at each island.
This was calculated using the following equation provided by Post (2002): TP = λ + (δ15Nconsumer
- δ15Nbase) / Δn, where λ is the trophic position of the base (e.g., 1 for primary producers),
δ15Nconsumer and δ15Nbase are measured in the study, and Δn is the trophic enrichment factor,
assumed to be 3.4 ‰ in this study. This was calculated for each fish species and zooplankton,
independently assuming POM and benthic macroalgae to be the base of the food web. Previous
work in this system suggested that distinct trophic channels exist, with carnivores and
planktivores utilizing POM while herbivores utilize benthic macroalgae. Therefore, the trophic
position of each species relative to its respective purported baseline was also plotted as an
examination of the trophic level of the fishes in the Line Islands (Fig. 2.9).
All statistical analyses were conducted using the statistical software R 3.2.3 (R Core
Team 2015).
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RESULTS
Within each fish species, the mean isotopic signatures varied dramatically among islands
(Fig. 2.2). Islands separated out along the δ15N axis in all species, with the herbivores and
Lutjanus bohar also exhibiting spatial variability along the δ13C axis. The within-island standard
deviations are generally greater in the δ13C values, particularly in the herbivores and larger
carnivores (Fig. 2.2). δ15N, and to a lesser extent the δ13C, appear to follow a pattern with
productivity, with greater values at more oligotrophic islands for both isotopes (Fig. 2.2).
When the two isotopes are isolated and directly examined against primary productivity,
the trend of decreasing δ15N with increasing oceanographic productivity is consistent across all
eight species (Fig. 2.3; Table 2) and the three putative resources (Fig. 2.4). All five of the
carnivore and planktivore species exhibit striking similarities in the placement of the island
values relative to each other and each species’ respective trendline, and this is most apparent
with Starbuck and Malden both being outliers in this relationship in the same direction for all
five of these species (Fig. 2.3). This pattern breaks down when considering the three herbivore
species, but they exhibit similar patterns to each other, with the three most oligotrophic islands
being enriched in δ15N compared to the other islands (Fig. 2.3). The planktivores, and to a lesser
extent the carnivores, exhibit consistent depletion in the δ13C values as a function of
productivity, with only one out of these five species (P. arcatus) not exhibiting a statistically
significant trend. The magnitude of this effect is lower than that of the δ15N values, with a
change of about 2‰ compared to 8-10‰ for δ15N (Fig. 2.5; Table 2). The herbivores do not
show a consistent pattern across the islands, with S. aureus and C. marginatus exhibiting a slight,
but non-significant trend of decreasing δ13C with increasing productivity, while A. nigricans
exhibits the opposite effect (Fig. 2.5; Table 2).
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Inspection of the residual plots for both stable isotopes confirmed the observations from
the previous plots (Fig. 2.6). Along the δ15N axis, planktivores and carnivores follow almost
identical patterns in the residuals of each island, with Starbuck and Malden much more depleted
than expected. Although this pattern is the same for both planktivores and carnivores, the
magnitude of this effect is larger for the planktivores than the carnivores. The residuals of the
δ13C values did not exhibit consistent patterns across trophic groups with productivity, in
contrast to the residuals of the δ15N relationships (Fig. 2.6).
Graphical analysis of the pairwise vector plots revealed that the carnivorous fishes were
consistently enriched in δ15N relative to planktivores at levels within the range of assumed
trophic fractionation (Fig. 2.7). Across all eleven islands and for each combination of
planktivore-carnivore, carnivores were enriched in regards to δ15N and δ13C and the vectors had
a positive slope running from the planktivore into the carnivore’s isotopic signature, indicating
putative predator-prey linkages. In contrast, the carnivores did not exhibit this consistent pattern
of enrichment relative to herbivores, with flatter, and in some cases, negative slopes in the
vectors from herbivores to carnivores, suggesting a lack of energy flow from this trophic
pathway. The slope, magnitude, and direction of the vectors were also more variable from the
herbivore-carnivore pairwise plots. For Stegastes aureus, vectors were mostly flat or negative,
and S. aureus was more enriched in δ13C relative to each carnivore at almost every island, and
this effect was strongest at the more oligotrophic islands. Acanthurus nigricans expressed the
most variability in vector directionality of any species relative to potential predators, but was
also depleted relative to carnivores at most of the islands. Ctenochaetus marginatus was
enriched in δ13C relative to the carnivores and expressed similar δ15N values to carnivores at all
islands, except for the oligotrophic island of Vostok, where it was enriched in δ15N relative to

85

carnivores. The average enrichment of δ15N for each combination of potential prey and
carnivore reinforces these patterns, with the carnivores consistently exhibiting δ15N values more
enriched relative to the planktivores, and this effect is strongest in Pseudanthias bartlettorum
(Table 2.3). The δ15N values in the herbivores are more similar to the carnivores across all
species combinations, yet A. nigricans is, on average, more depleted in δ15N relative to all three
carnivores, while the other two species are enriched in δ15N relative to the carnivores (Table 2.3).
When the pairwise vector plots are examined for the planktivores and their potential prey
across the uninhabited Southern Line Islands, an effect of oceanographic productivity is
revealed. For both species of planktivore, at the three oligotrophic islands they are enriched
relative to all three potential prey sources in both δ15N and δ13C (Fig. 2.8). However, at the two
productive islands, the slope of the vectors remains similar for the two sources of particulate
organic matter (POM), but flattens out when comparing zooplankton with both planktivores (Fig.
2.8). This effect is strongest in P. bartlettorum, which has a slope of essentially zero, while C.
margaritifer has a lower, but still positive slope. Despite a positive slope of POM sources at all
islands, the magnitude of the δ15N enrichment is greater at the three oligotrophic islands (7.62 –
8.89) compared to the two productive islands (2.96 – 4.81; Table 2.4). The quantitative
evaluations of the δ15N enrichment confirms the patterns observed visually, with the planktivores
being more enriched in δ15N relative to zooplankton at the oligotrophic islands (3.88 – 4.63)
relative to the productive islands (0.24 – 1.12; Table 2.4). Herbivores were consistently enriched
in δ15N relative to the macroalgae species collected at each island. Acanthurus nigricans, the
nominal herbivore, was enriched on average by 4.07 ‰ relative to algae, with the range of
expected trophic fractionation, whereas the other two, more invertivorous and detritivorous
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species were enriched on an average factor of 5.76 – 5.88 ‰, as would be expected for species
with more mixed diets.
The calculations of the trophic positions of each fish species based on their nitrogen
isotope values relative to purported prey revealed that although the relative spacing of fish
species did not change as a function of the selected basal source, the range of the trophic levels
varied depending on the item chosen for the δ15Nbase. Regardless of the δ15Nbase, the two species
consuming the most detritus (S. aureus and C. marginatus) were calculated to occupy the highest
trophic levels, followed by the three carnivores, and finally the planktivores and A. nigricans
(Fig. 2.9). When POM was chosen as the base, the range of trophic levels approached 4,
whereas when macroalgae was chosen as the base, the range did not surpass 3 (Fig. 2.9). This is
due to the macroalgae being an average of 4.12‰ enriched relative to POM. When the bases
were combined to best reflect the assumed trophic pathways in this study (i.e., algae as the base
for herbivores and POM as the base for planktivores and carnivores), the ordering of the trophic
positions switched. The three carnivores occupied space between a trophic level of 3.5-4, one
trophic level above the planktivores, which were around 2.6-3. The detritivorous species were
situated between the two planktivores (trophic level = 2.6.-2.7), and A. nigricans and
zooplankton were approximately at trophic level 2, one trophic position above their respective
basal resource. The two basal source items (POM and macroalgae), as primary producers,
occupied the assumed trophic position of 1 (Fig. 2.9).

87

DISCUSSION
Across the eleven Line Islands, I present evidence of a strong and consistent effect of
oceanographic variation on the isotopic signatures of eight species of coral reef fishes, spanning
multiple trophic groups. These results highlight the importance of oceanographic variability in
the Line Islands, because signatures of δ13C and δ15N exhibit consistent patterns with
productivity despite three of the islands experiencing high degrees of fishing and anthropogenic
alteration of benthic communities (Sandin et al. 2008). The degree of change in each isotopic
signature is, however, species- or trophic group-specific. All eight of the species in this study
exhibit a strong pattern of depletion of δ15N with increasing productivity, consistent with the
oceanographic trends in the region (Fig. 2.3). The carnivores and planktivores also exhibited
depletion in δ13C with increasing productivity, consistent with increased utilization of offshore
production in the more productive islands (Fig. 2.5). Multiple lines of evidence supported the
“trophic channeling” hypothesis, that pelagic production is transferred more efficiently than
benthic production to the highest trophic levels (Fig. 2.6,). Relative spacing of the species along
the δ15N axis was not consistent with expectations of trophic level from life history
characteristics, yet when these were corrected for the expected baseline values (POM for
planktivores and carnivores and benthic macroalgae for herbivores), the expected trophic levels
were revealed, providing further evidence that carnivores rely predominantly on allochthonous
pelagic production (Fig. 2.9).
Patterns of δ15N Variability Across the Line Islands
Nitrogen is typically enriched in consumers relative to prey, and is classically used to
determine trophic connections between species and as a proxy for trophic level. Because δ15N
can vary at the base of the food web due to isotopic variability in nitrogen uptake by
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phytoplankton, this variation can propagate throughout the food web to higher trophic levels, as
was found in this study. Values of δ15N within the same species or basal resource varied by 8‰
to over 10‰ across the islands (Fig. 2.2, 2.4), indicating the importance for considering basal
shifts in isotopic signatures and highlighting the large influence of oceanography in this system.
Altabet (2001) found that δ15N in nitrates is inversely related to the concentration of nitrates in
the water column across the equatorial Pacific, thus this pattern of depleted δ15N in the reef
organisms with increased upwelling is reflective of a shifting isotopic baseline across the region.
Previous studies have demonstrated the importance of considering isotopic shifts in baseline
isotopic values, because these values can vary over small spatial scales (Post 2002). For
example, baseline δ15N has been shown to vary by over 11‰ between different habitats within a
lake (Vander Zanden & Rasmussen 1999), and by a similar amount among different lakes
(Cabana & Rasmussen 1996). These studies also found that anthropogenic influences can enrich
systems in regard to δ15N (Cabana & Rasmussen 1996), yet in the current study, species at the
three inhabited islands did not deviate from the expected relationship with productivity, further
highlighting the strong influence of oceanographic variation in the Line Islands. Without
considering these baseline shifts, it would have appeared that fish species were occupying
dramatically different (differences of 3-4) trophic levels based on the island where they were
collected. Not all species followed a strict productivity gradient, with Starbuck and Malden (two
uninhabited islands) both being outliers along the regression in every planktivore and carnivore
species, but not the herbivores. Regardless of the underlying mechanism driving the dramatic
depletion in δ15N at these two islands, the presence of these anomalous islands is rather
fortuitous in the current study, as they revealed consistent patterns across trophic groups that
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may have otherwise been obfuscated had all the islands followed the same trend in isotopic
signatures.
The planktivores and carnivores in this study both were most depleted in δ15N at Starbuck
and Malden relative to the other islands following the productivity gradient, and the relative
spacing of all the islands relative to their respective trendlines followed consistent patterns across
all five of these species (Fig. 2.3,2.56a). This consistent pattern in the planktivores and
carnivores, and a different pattern within the herbivores, indicates a strong a trophic link between
the planktivores and carnivores, while the herbivores follow a different trophic pathway. These
observations are consistent with the “trophic channeling” hypothesis that states that even in
complex food webs, trophic pathways originating from different basal sources can remain
distinct from source to consumer end-members (Zgliczynski 2015). This pattern was described
in the fish community of the Northern Line Islands, where large carnivores were found to have a
larger reliance on organic matter from offshore, rather than onshore production (Zglicynski
2015). The current study, combining datasets from both the Northern and the Southern Line
Islands, provides additional evidence that this may be a common occurrence that is robust to
localized anthropogenic impacts in the study region.
Patterns of δ13C Variability Across the Line Islands
Whereas δ15N is commonly used to determine trophic linkages in systems, δ13C is
typically used to determine the origin of basal sources of production. Across the Line Islands,
planktivores and carnivores tended to become depleted in δ13C with increasing productivity,
whereas the herbivores exhibited no trend. I have found no previous work that suggests δ13C
varies consistently with productivity in this system, and in data from the current study, there are
no apparent shifts in δ13C of POM with productivity. Therefore, the depletion of δ13C in the
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planktivores and carnivores more likely represents a shift in utilization of different food sources
in these groups as a function of productivity, whereas the herbivores maintain constant utilization
of the same basal sources across the islands. Depleted δ13C is typically associated with
production from offshore sources, such as phytoplankton, while more enriched δ13C values are
indicative of production from macroalgae and other benthically-produced sources (Wyatt et al.
2012; Briand et al 2015). The depletion in δ13C as a function of productivity in the planktivores
and the carnivores indicates a greater reliance on organic matter originating from the pelagic
food web as productivity increases, while the lack of a pattern with productivity, and generally
greater δ13C values, in the herbivores suggests that they assimilate most of their organic carbon
from benthic sources at all islands. Previous work examining broad-scale trends in fish
assemblages across the Pacific found that Chl-a concentrations were a strong predictor of fish
biomass, with a two-fold increase across all species between the least and most productive
islands (Williams et al. 2015). However, this effect was strongest in the planktivores (390%
increase) and the piscivores (350% increase), with only small increases in the herbivores (40%
increase) (Williams et al. 2015). These results parallel the current study, and together they
indicate that primary productivity has a strong influence on fish assemblages and community
trophodynamics across the tropical Pacific.
The consistent patterns in δ13C variation with oceanography across trophic groups
provide additional evidence of a strong trophic linkage between planktivores and the carnivores
in this study. This is supported by previous work that found consumers with a purported close
association with a resource pool predominantly utilized that pool regardless of location
(McMahon et al. 2016). Isotopic signatures of the prey from the current study reveals a possible
mechanism for planktivores becoming more deplete in δ13C, despite assuming an already close
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association with pelagic production. In this study, POM was more deplete in δ13C compared to
zooplankton. Therefore, planktivores may be relying more on smaller prey items with a stronger
offshore isotopic signature at the more productive islands, while consuming more prey like
copepods or benthic invertebrates, which may have some signature of the reef, at the oligotrophic
islands. In a stomach content assessment of these planktivores from the Southern Line Islands, I
found that C. margaritifer consumed the lowest proportion of copepods and the greatest
proportion of larvaceans and foraminifera at the two productive islands (Chapter 1, this volume),
which corroborates this hypothesis. This increased reliance on carbon originating from offshore
sources at more productive (i.e., greater productivity from pelagic sources) islands is consistent
with other studies that found increased utilization of pelagic production on oceanic reefs and reef
crests, the first reefs to encounter offshore production, compared to shelf or back reefs which can
only access these resources after they pass over the “wall of mouths” in the oceanic reefs
(Hamner et al. 1988; Yahel et al. 1998; Wyatt et al. 2012; McMahon et al. 2016).
Trophic Relationships Among Fish Species
When both δ15N and δ13C are considered simultaneously and in direct comparison to
other species and trophic groups, the evidence for distinct trophic channels originating from
offshore and benthic production is reinforced. The carnivores exhibit stable trends of δ15N
enrichment relative to the planktivores, consistent with a close trophic association between these
groups. Both species of planktivore are between 2.3‰ – 3.8‰ more deplete in δ15N relative to
each carnivore, which is within the average range of trophic fractionation of δ15N (Post 2002).
The herbivores, however, exhibit a lower δ15N enrichment relative to the carnivores, and in some
cases, are more enriched relative to them. This lack of trophic enrichment δ15N from herbivores
to carnivores suggests that these herbivorous species are not consistently being incorporated into
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the diets of the carnivores in this study. Additionally, although δ13C does not become enriched
in consumers relative to prey at the same magnitude that δ15N does, there is a slight enrichment
factor, typically in the order of 0.5‰ – 1‰. If the carnivores were incorporating large amounts
of these species into their diets, they would be expected to be more enriched in δ13C relative to
them, but there is no consistent pattern across the islands, whereas all carnivores at all islands are
more enriched in δ13C relative to the planktivores.
In contrast to the consistent patterns of δ15N enrichment across all islands from the
planktivores to the carnivores, the planktivores exhibit varying δ15N enrichment relative to their
prey as a function of productivity in the Southern Line Islands, the only islands where
zooplankton and in situ POM were collected. At the more oligotrophic islands, the planktivore
δ15N signatures were significantly greater than the expected trophic enrichment factor relative to
POM, yet they were within the range for zooplankton (Table 4). At the two productive islands,
however, they were not enriched relative to zooplankton, but were within the expected range for
POM (Table 4). Assuming these trends are stable across the entire Line Islands chain, these data
are consistent with the patterns across all islands in regards to depletion of δ13C with
productivity. Therefore, the shift of the δ13C signature of the carnivores and planktivores is
likely a function of planktivores consuming more POM at productive islands, giving them a
more depleted δ13C signature that is then passed onto the carnivores through the pelagic trophic
channel. The herbivores did not change across the islands because they utilize energy from the
distinct benthic trophic channel (McMahon et al. 2016), and were less-affected by the increased
utilization of POM at the base of the reef pelagic trophic channel.
The relative spacing of the fish communities along the δ15N axis, with herbivores and
detritivores occupying the highest δ15N values, does not reflect the natural history of the
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organisms or previous research in Pacific coral reefs (Page et al. 2013; Briand et al. 2016).
Without taking the different baseline signatures into account, these results could be interpreted as
the herbivores occupying the highest trophic levels on the reef (Post 2002). However, when the
trophic levels for each species are calculated based on different baseline values consistent with
the other observations (POM for planktivores and carnivores and macroalgae for herbivores), the
expected pattern of trophic level partitioning is revealed (Fig. 2.9). Benthic macroalgae, the
primary producer in the reef production pathway, is enriched an average of 4.1 ‰, relative to
POM, the primary producer in the offshore production pathway. This shifts the δ15N values of
any organism consuming predominantly macroalgae over an entire expected trophic level
compared to those that consume mostly pelagic production. This pattern is likely exacerbated by
the prevalence of top-consumers on these reefs that recycle their enriched nitrogen back onto the
reef which then enters the detrital pool to be consumed by these benthic-foraging species or
incorporated into benthic algae (Robertson 1982; Max et al. 2013). The calculations performed
in this study are fairly crude, using only two potential baselines and assuming complete reliance
on only one of the baselines for a given species, yet even this simple correction factor produced
results more consistent with the natural history of these fishes and highlights the importance of
considering different baseline values within a reef (Post 2002).
The uninhabited reef communities in this region are characterized by high biomass of
large, apex predators forming an inverted biomass pyramid (Sandin et al. 2008). For inverted
biomass pyramids to exist, they need to be supported by a standard, non-inverted productivity
pyramid (Sandin & Zglicynski 2015). One hypothesis for the maintenance of inverted biomass
pyramids is that predators are long-lived and slow growing, whereas their prey are short-lived
and grow and reproduce quickly. Lower trophic levels exhibit high turnover and grow quickly,
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fix biomass, and are consumed, liberating energy that can be stored in the biomass of higher
trophic level predators. These life history characteristics allow lower trophic levels to exhibit
high secondary productivity, despite their low standing biomass (i.e., r-selected species). The
larger predators, in contrast, exhibit low secondary productivity but high standing biomass (i.e.,
k-selected species). For higher trophic levels to be sustained, their prey need to exhibit
characteristics of rapid growth, which provides a plausible mechanism to explain the observed
trophic channeling in the Line Islands. Planktivorous fishes are usually small, short-lived, and
forage in the water column, whereas herbivorous fishes may be small, but they can also reach
rather large sizes relative to planktivores and are foraging closer to the benthos where they may
quickly find shelter. This larger size, laterally compressed body morphology, behavioral
characteristics, and morphological defense mechanisms, such as exhibited by surgeonfish
“scalpels”, may make these species less likely to be targeted by reef predators, thus the biomass
fixed from benthic sources may be stored in herbivorous fish tissue longer than that from the
pelagic food web. This idea of fast and slow trophic channels has been proposed previously, and
when it was examined in another marine system (the Cantabrian Sea Shelf), the pelagic channel
had greater annual production at the base of the food web and a greater productivity:biomass
ratios (turnover rates) than the benthic channel (Rooney et al. 2006). Therefore, in other marine
systems, the pelagic trophic channel was more productive and experienced greater turnover,
indicating that it is the “fast” trophic channel, which corroborates the patterns observed in the
current study. Recent theoretical work suggested that inverted biomass pyramids cannot be
sustained when members of the community share a common resource base (Treblico et al. 2013).
The energy entering the coral reef community from pelagic sources likely acts as an energetic
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subsidy that disproportionately affects the largest predators on a reef, which allows these reefs to
support inverted biomass pyramids.
Considerations and Other Explanations
Although the patterns described in this study are supported by multiple lines of evidence
and follow the predictions of previous hypotheses, most of the evidence relies on bulk δ15N and
δ13C. Due to their complexity, coral reefs have typically seen little usage of stable isotopes to
address questions similar to this study (McMahon et al. 2016; but see Wyatt et al. 2012 and Page
et al. 2013). Coral reefs have many different species with varying isotopic signatures, making it
difficult to capture the baseline variability in different basal sources (Carassou et al. 2008).
Additionally, trophic fractionation and enrichment of these isotopes remains poorly understood,
and the expected values provided are simply guidelines and assumptions. Compound specific
isotope analysis (CSIA) uses the isotopic signature of the different amino acids present within
tissue samples to provide an increased number of tracers for stable isotope analysis, and recent
advances have yielded strong results using this tool (McMahon et al. 2016). However, there are
significant monetary costs associated with CSIA, especially when considering a study of this
scale, so the current study favors breadth over detail, and the methods and assumptions contained
within are consistent with what other researchers have used in the past.
Additionally, this study quantifies only a small subset of the coral reef community, so
there is bound to be more nuance involved in the actual functioning of these systems. Only two
basal sources, offshore planktonic production and macroalgae, were considered in this study.
Other basal sources, such as coral and detritus, are important aspects of this food web, yet they
are not included in this study due to restrictions collecting data in remote areas. Detritus is likely
a strong component of the isotopic signature of Stegastes aureus and Ctenochaetus marginatus,
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and it would have been beneficial to quantify its isotopic signature in this study. A previous
study on Palmyra found that detritus had greater δ15N than POM and zooplankton, and that it was
similar to Halimeda sp. (Max et al. 2013). Therefore, the higher trophic level of S. aureus and C.
marginatus may be due to their consumption of invertebrates, as well as detritus. Other species
and potential prey items, such as benthic invertebrates and other fishes, are also transferring
energy into these consumers. We are unable to directly measure the influence of these prey
items in the isotopic signature of our study species, and they may be an important method of
coupling different pathways in these consumers. Mixing models are a common tool to provide
insight into the relative contribution of different prey items to a consumer’s isotopic signature
(Parnell et al. 2010), but they require a more complete sampling of putative prey items than was
collected in the current study to provide reliable results. Despite this consideration, the strong
patterns of trophic association with the planktivores in all the carnivores indicate that this
planktonic channel is an overwhelming influence on their isotopic signature, even if
multichannel foraging is more important than demonstrated using just these fish species.
Conclusion
Using δ15N and δ13C stable isotope analysis, I present evidence of distinct trophic
pathways in a complex coral reef ecosystem and evidence of increased reliance on offshore
production as productivity increases, and these patterns remained constant across a gradient of
human exploitation. The relative spacing of fish species along the δ15N axis did not align with
previous research in coral reefs or the natural history of the organisms until the values were
corrected for the baseline values for the different basal resources (i.e., POM and benthic
macroalgae). Although we lacked isotopic values from all basal sources and potential prey,
making quantification of direct trophic linkages among species and basal sources difficult, the
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multiple methods of data analysis in this study provide supporting evidence to the hypothesis that
distinct trophic channels exist in these communities and that they flow disproportionately to endconsumers. Planktivorous fishes predominantly consume food sources that originate offshore,
and due to life history characteristics of these species, they are readily consumed by higher
trophic levels and their biomass is quickly transferred up the food web. Recent work is finding
that these offshore subsidies are important to the structure of coral reef communities (Williams et
al. 2015), and the current study provides additional information on how this energy is transferred
to higher trophic levels. The herbivores and detritivores consume food sources from the benthic
algal and detritus source pools, and these grow larger and have defense mechanisms saving them
from the rapid predation that haunts planktivores. Therefore, the organic matter originating on
the reef is transferred less efficiently up the food web, leading to a disproportionate influence of
pelagic sources in the tissue of top consumers. This process previously described as “trophic
channeling” allows basal sources to remain isolated in these food webs, leading to the patterns
observed in this study. Operating concurrently to this, I provide evidence that POM becomes
more important than zooplankton in the diets of planktivores at more productive islands, and this
signature is propagated up the food web to reef predators. Taken together, these findings provide
additional evidence that distinct trophic channels exist in coral reef systems, and suggests that
these pathways can be modified by variability in oceanographic primary productivity. These
patterns are surprisingly robust in the face of exploitative human practices at some islands,
suggesting that these processes may be more common in reef systems worldwide than previous
expected. Additionally, this study highlights the importance of considering variable baseline
isotopic signatures among islands and among different sources within a reef to interpret stable
isotope studies in coral reefs. Future work should seek to elucidate the importance of different
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trophic pathways on coral reefs and consider the isotopic differences in baseline values of each
pathway when interpreting stable isotope data.
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Kiribati
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United States
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0

0

0

0

0

0

5,586

2,539

1,155

20

0

Population

28.65

28.72

28.64

28.30

27.95

27.30

27.46

27.94

28.16

28.33

28.38

Mean SST (°C)

0.089

0.104

0.116

0.142

0.144

0.217

0.186

0.169

0.153

0.133

0.128

Mean Chl a (mg m-3)

Table 2.1. Relevant geographical, environmental, and political information about the eleven Line Islands from this study. Islands are
arranged from North to South, and productivity peaks at Jarvis.
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Herbivore

Planktivore

Carnivore

Trophic Guild

Species
C. urodeta
L. bohar
P. arcatus
C. margaritifer
P. bartlettorum
A. nigricans
C. marginatus
S. aureus

R2
0.60
0.71
0.62
0.45
0.47
0.52
0.44
0.58

Nitrogen
P-value
F-Statistic
0.0049
13.71
0.0011
21.70
0.0041
14.58
0.024
7.40
0.028
7.13
0.012
9.91
0.051
5.51
0.011
10.95

DF
1,9
1,9
1,9
1,9
1,9
1,9
1,7
1,8

R2
0.43
0.37
0.23
0.58
0.73
0.15
0.31
0.071

Carbon
P-value
F-Statistic
0.028
6.88
0.048
5.22
0.13
2.75
0.0065
12.40
0.0016
21.83
0.24
1.57
0.12
3.11
0.46
0.61
DF
1,9
1,9
1,9
1,9
1,9
1,9
1,7
1,8

Table 2.2. Results from linear regression analysis performed on the δ15N and δ13C values as a function of Chl-a in the ocean
surrounding each reef. Species are arranged by trophic group, and statistically significant p-values are shaded.
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3.82
2.65
-0.68
1.20
-0.59

P. arcatus
3.42
2.27
-1.05
0.81
-0.98

C. urodeta

L. bohar
3.70
2.48
-0.78
1.02
-0.64

POM
4.00
7.88
8.62

Species
Zooplankton
P. bartlettorum
C. margaritifer

4.63

3.88

-

Zooplankton

Oligotrophic

4.32

3.44

3.20

POM

1.12

0.24

-

Zooplankton

Productive

Table 2.4. Average δ15N enrichment from planktonic sources (columns) to planktivorous fishes (rows) at the three oligotrophic (Flint,
Vostok, Millennium) and the two productive (Starbuck and Malden) Southern Line Islands. Shaded boxes represent values within the
expected trophic enrichment of δ15N (3-5‰).

Prey Species
P. bartlettorum
Planktivores
C. margaritifer
S. aureus
Herbivores A. nigricans
C. marginatus

Table 2.3. Average δ15N enrichment from potential prey (rows) to carnivores (columns) from all islands that both species are found.
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Figure 2.1. Map of the eleven Line Islands on top of the underlying variation in primary
productivity, using Chl-a as a proxy. Chl-a values were calculated using remote sensing data
and analyzed following methods in Gove et al. (2013). Figure and data reproduced with
permission from M.D. Fox.
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Figure 2.2. Stable isotope biplots of the average isotopic signature (δ13C - δ15N) for eight species
of coral reef fishes at each of the eleven Line Islands. The first row shows carnivores, the second
shows planktivores, and the third row shows herbivores. All points are the mean, and the error
bars represent ± 1 standard deviation.
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p = 0.0041
r2 = 0.62

p = 0.0049
r2 = 0.60

p = 0.028
r2 = 0.47

p = 0.0024
r2 = 0.45

p = 0.011
r2 = 0.58

p = 0.012
r2 = 0.52

p = 0.0011
r2 = 0.71

p = 0.051
r2 = 0.44

Figure 2.3. Values of δ15N for each species plotted against the 12-year average Chl-a value at
each island. A linear regression was run separately for each species, and the resulting best-fit
line was plotted. All points are the mean, and the error bars represent ± 1 standard deviation.
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p = 0.10
r2 = 0.27

p = 0.036
r2 = 0.71

p < 0.001
r2 = 0.72

Figure 2.4. Values of δ15N for each basal resource plotted against the 12-year average Chl-a
value at each island. A linear regression was run separately for each species, and the resulting
best-fit line was plotted. All points are the island-mean collected in situ for this study, with some
exceptions. POM and zooplankton values from Palmyra were taken from Max et al. (2013), and
POM values from the other five Northern Line Islands were estimated from Altabet (2001).
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p = 0.13
r2 = 0.23

p = 0.028
r2 = 0.43

p = 0.0016
r2 = 0.73

p = 0.0065
r2 = 0.58

p = 0.46
r2 = 0.07

p = 0.24
r2 = 0.15

p = 0.048
r2 = 0.37

p = 0.12
r2 = 0.31

Figure 2.5. Values of δ13C for each species plotted against the 12-year average Chl-a value at
each island. A linear regression was run separately for each species, and the resulting best-fit
line was plotted. All points are the mean, and the error bars represent ± 1 standard deviation.
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Figure 2.6. Average residuals from the linear regressions performed on the δ15N and δ13C at
each island from each trophic group (Figs. 3, 4). The residuals at each island were averaged for
each species within a trophic group (n = 1-3) and plotted at every island. Islands are arranged
left to right based on increasing productivity.
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Figure 2.7. Pair-wise comparisons of stable isotope values (δ13C - δ15N) between three
carnivorous and five potential prey species (two planktivores and three herbivores) across all
eleven of the Line Islands. Each arrow runs from the potential prey’s isotopic signature to each
carnivores’ signature in bivariate space. Colors of the arrows indicate the island, with cooler
colors representing more oligotrophic islands and warmer colors representing more productive
islands.
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Figure 2.8. Pair-wise comparisons of stable isotope values (δ13C - δ15N) between zooplankton
and two planktivorous fish species and two potential prey (particulate organic matter (POM) and
zooplankton) across the five Southern Line Islands (the only islands these data were collected).
Each arrow runs from the potential prey’s isotopic signature to each planktivores’ signature in
bivariate space. Colors of the δ15N and δ13C arrows indicate the island, with cooler colors
representing more oligotrophic islands and warmer colors representing more productive islands.
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Figure 2.9. Average trophic level across all islands for each fish species calculated relative to a
δ15N baseline using the equation provided by Post (2002) assuming a trophic enrichment factor
of 3.4‰ and (a) POM and (b) benthic algae as base δ15N values. The combined base (c) panel
visualizes the trophic level of the planktivores and carnivores relative to POM and the herbivores
relative to benthic algae, consistent with the trophic channeling hypothesis. Colors represent the
purported trophic channel, with green indicating benthic algae, blue representing offshore
production, and red representing carnivorous fish species. Circles represent fish species, *
indicates POM, X indicates zooplankton, and + indicates benthic algae. Error bars represent ± 1
SE.

